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Preface

Future fighter concepts require air intakes with not only good performance characteristics over an even wider operating range,
but also require inlet designs constrained by low signature requirements. For the engineers who have to deal with the problems
of intake design, there exists the need to evaluate design tools and experimental capabilities for providing the innovativ,. design
concepts needed to meet the ever demanding challenges for engine inlets of advanced air vehicle configurations.

In recognition of ti 'he AGARD Fluid Dynamics Panel established Working Group 13 to report on the state-of-the-art in the
field and compare different computational tools on the basis of available test cases. The test case results can be used for further
comparisons and are meant as a first step to improve computational tools. A comparison has been made of testing techniques
used in different wind tunnels for the measurement of intake dynamic distortion using one common intake model. Design
guidelines and rules have been reviewed and summarized.

The report presents the results of the Working Group study and its conclusions and recommendations.

Preface

Les •cpifications de conception des futurs avions de combat exigent dc prse, dl'ai qui soient :1 la fois de faible signature ct
performantes sur une grande plage d'utilisation. Pour les ingenieurs d&tudes qui %ont confront6s aux problkmes de la
conception des prises d'air, il y a lieu d'6valuer les outils de conception et les installations esxprimentales afin dapprt~cicr Icur
capacit6 ý fournir ics concepts d'ctude innovateurs necessaires pour repondre aux specifications tie plus en plus rigourcuses
des prises d'air adapt~es aux configurations avanc~es des v~hicules aricns.

En consequence, le Panel AGARD de la Dynamique des Fluides a cr,; le groupe de travail No. 13 pour rendre compte dc 'etai
de Fart dans ce domaint et pour comparer les differents outils de calcul h partir des cas d'essai disponibles. Les r6su!tais des cas
d'cssais peuvent servir pour des comparaisons ultlrieures et doivent ýtrc considtrds comme un premier pas pour lamlioration
des outils de calcul, Les techniques d'essai employdes dans diffdrentes soufflerics pour la mesure de la distorsion dynamique ii
l'aide dun scul module de prise d'air ont d~jh 6t6 comparnes. Des directives et des rýgles de conception ont et6 examinees ct
resumees.

Ce rapport pr6sente les resultat;i obtenus par le groupe de travail No. 13, ain.,i q..c ses recommandations et ses conclusions.

Wolfgan., Sc.'Midt
Chairm-, V ' .

Richard G. Bradley
Denuty Chairman, WG 13

v
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Abstract

This report presents the results of a study by Working Group 13 of the AGARD Fluid Dynamics Panel
which was formed to investigate the state-of-the-art of methodologies for aerodynamic design of engine
intakes for high speed vehicles. The scope of the investigation included intakt aerodynamics, intake/
engine compatibility, and intake/airframe integration for both aircraft and missiles.

The present capability of Computational Fluid Dynamics (CFD) methods was assessed through a
comparative anatysis of both CFD predictions and experimental data. 'l'is analysis was conducted for
eight different flow field test cases designed to produce critical feature, of air-intake flow fields. Flow
field results and comparisons are presented both in the report and in a nmicrofiche appendix.

Air-inlet wind tunnel testing techniques and limitations were also inve;tigated and reported. Results
from measurements of inlet performance from three European wind tunnels using a common
axisymmetric pitot intake are also presented.

The participants in Working Group 13 represented Belgium, France, Germany, Italy, the United
Kingdom, and the United States.
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CHAPTER 1

OBJECTIVES AND SCOPE OF THE WORKING GROUP 13

Intakes for aiE breathing engines represent a major and very Important component of high
speed air vehicles. Intake efficiency contributes significantly to the performance and
handling characteristics of modern aircraft. Intake design and integration exhibit
signif :ant interactions with the air vehicle configuration. Flow field structures are
essentially very complex.

Over the last two decades there has been a continuous evolution and improvement of
airframe-intake integration and intake design, mainly based on a wide set of wind tunnel
tests. P-oblems which were detected in a number of cases only after prototype flying,
i.e. damayi of the intake structure during engine surges, distortion-induced
intake,'engine incompatibility etc. required modifications at a very late stage of an
aircraft program. Froblems that arose with highly integrated intake positions and complex
supersonic intake solutions led to a comprehensive experimental intake/airframe
integratior study in the USA (project Tailor Mate) in the late 1960's. An AGARD lecture
series (LS53) was held in 1972 to review the state-of-the-art of airframe/engine
integration at that time.

Since then computational methods as well as windtunnel testing techniques have impro ed
and deeper physical undertanding has led to innovations such as the intake-airframe
integration on the Rafale aircraft and to the intake design on the European righter
Aircraft.

Mo,e :ecent achievements in Euler and Navier-Stokes methods along with new mesh
genezstion cipahbilties are providing tools for detailed flow field analysis and intake
optimization. F -n unsteady phenomena such as buzz have been analysed analytically.

A 'arge amount of experimental data has been collected at the various airframe- and
engine companies and development centres in the USA and in Europe. Besides collecting
data for the assessment of intake performance, increasing effort was placed on the
subject of intake/engine compatibility. This effort has progressed from simple
measurement of steady state total pressure distortion to the measuring of instantineous
distortion with digital, analog and hybrid data s'-reening and the measurement of flow
swirl at the engine face.

Efforts have also been made during the last few years with some success to reduce the
amount of complex and expensive iynamic intake flow measurements by synthesizing dynamic
distortion parameters based on a limited number of turbulence measurements. One problem
however is that a universally applicable distorion parameter is not available. More
effort is required to achieve a better understanding of the complex interaction o!
intaKe- and engine compressor flow.

Current goals in the intake design field include improved design concepts and rules,
development ane application of computational methods in the whole speed regime (subsonic
to hypersonic), prediction of intake duct flow, understanding of the interaction of the
intake- and engine compressor flow, development of techniques to reduce the complexity of
intake distortion measurement and improvement of intake test techniques.

FutuLe air vehicle concepts require air intakes with not only good performance
characteristics over an even wider operating range, but also require inlet designs with
.ow observable characteristics. The thrust of this AGARD study is to evaluate existing
dejign tools and experimental capabilities for providing the innovative design conceIts
that meet the ever demanding challenges for engine inlets of alvanced vehicle
conf'iratiois.

The present Working Group 13 was formed to investigate the subjects of intake
aerodynaxics, intake/ engine compatibility and intake/airframe integration using results
fron bob> experimental and computational techniques. Prediction of intake performance
(pressure recovery, distortion and swirl) and care free handling of engines are of utmost
importance to future military and civil aircraft projects.

After conducting a review of the state-of-the-art on intake design and performance for
both airceaft and missiles (with air breathing engines) the group has compared critically
results from the presently available methods for computing both external and internal
intake flow fields. The experimental methods used to measure intake internal performance,
drag and compatibility testing have also been critically compared and proposals for their
improvement have been made.

Zmphasis bes been placed on the testing techni'jues for the assessment of intake flow
distortion, the evaluation of relevant distortion parameters including swirl and the
inturaction of the intake flow with the engine compressor. Due to the high degree of this
interaction, cooperation between the FDP and the PEP was considered essential and a group
with PEP representation was formed.
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The Working Group was composed of the following members.

FDP PANEL MEMBERS

Dr. W. Schmidt (Chairman)
Miesserschmitt-Bblkow-Blohm GmbH, UF
Postfach 80 11 60
D-8000 Minchen 80 - Germany

Dr. R.C. Bradley (Deputy Chairman)
Gen6ral Dynamics
GD/FW-MZ 2888
P. 0. Box 748
Fort Worth, TX 76101 - USA

Mr. J. Leynaert
Direction Grands Moyen d'Essais
ONERA
B.P. 72
92322 Chatillon - France

NON-PANEL MEMBERS

Mr. T.J. Benson Mr. G. Laruelle
NASA Lewis Research Center ONERA
Internal Fluid Mechanics Division D.P. 72
Mail Stop 5-7 92322 C',atillon - France
Cleveland, OH 44135 - USA

Dr. N.C. Bissinger Dr. P.A. Mackrodt
Messerschmitt-Bd1kow-Blohm, UF DLR HAI-WK
Postfach 80 11 60 Bunsenstr. 10
D-8000 Minchen 80 - Germany 3400 Gdttingen - Germany

Mr. E. Farinazzo Mr. L.E. Surber
Internal Ae:,-ynamics - Propulsion Airframe Propulsion Integration
AERITALIA-C.'..",O . -LIVOLI DA COMBATTIMENTO Flight Dynamics Laboratory
C. MARCHE AFWAL/FIMM
TURIN - ITALf Wright-Patterson AFB, OH 45433 - USA

Mr, F.L. Goldsmith Mr. D. Welte
ARA Dornier Luftfahrt GmbH
Manton Lane Postfach 1420
Bedford MK41 7PF - GB 7990 Friedrichshafen - Germany

PEP PANEL MEMBER

Prof. Ch. Hirsch
Vr:Ije Universiteit BrUssel
Dienst Stromingsmechanica
Plainlaan 2
1030 Brdssel - Belgique

The term of the Working Group was three years, Sept. 1987 until Sept. 1990. Much of the
preparatory effort was however organized and carried out between the formal meetings by
the following three subcommittees for consideration and approval by the Working Group at
large:

Committee A (Chairman: S.L. Goldsmith)
Intake Design and rerformance

Committee B (Chairman: N.C. Bissinger)
Numerical Simulation of Air Intakes

Committee C (Chairman: J. Leynaert)
Air Intakes Testing Methods



The chapters were written by the authors noted in parenthesis and reflect the consensus
of the lWorking Group:

CHAPTER 2 - INTAKE DESIGN AND P&RFONRPLNCE
(E.L. Goldsaith, L.E. Surber, D. welte, G. Laruelle,

CHAPTER 3 - NUMERICAL SIMULATION 0? INTAKES
(T.J. Benson, N.C. BisSinger, R.G. Bradley)

CHAPTER 4 - AIR INTAKE TESTING
(J. Leynaert, E.L. Goldsmith)

The Working Group is grateful to all individuil contributors and their organizations for
contributing and supporting the Working Group and this report.

Finally we would like to thank NASA Langley, RAE Bedford. ONERA Modane and DLR Gattin-len
for hosting Working Group meetings and presenting their test facilities.
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Aerodynamic interference (AGAILD CP 71-1 Stpi.
tI[frIOcUrTiC 1970)

The Importanwe of the intake and the exhaust A-rpliate/Propulsion Interference (ACALD CP-IS0
nozzle on tim perfnrmance of the total propulsion Sept. 1974)
unit for any type of aircraft has been emphasised Distortion Induced Engine Instability (ACAR) LS
on several occasions. Examples of this 72 Nov. 174)

Importance for tmo -artly different aircraft Advanced Control Systems for Aircraft p~merplants
operating at either end of the speed range (A.A"D CP.274 Oct. 1979)

lIO0-2.0 are shown In FI&2.1.1 and 1.2. The first Aerodynamics of Power Plant Installation (ACARD
illustrates the distribution of thrust forces CP 301 May 1981)

throughout the nacelle of the Concorde aircraft Improvement Of erody)nsir performance through
and the second shows the importance of high Boundary Layer Control and Nigh lift Systems

intake efficiency at static conditions for the (AARD CP365 May 1984).
Harrier aircraft when taking off vertically or RemJets and Rocket Propulsion Systemts for
bvverlng. Mi.;slles (ACARD L5136 Sept. 1984)Engine Response to Distorted Inflow Conditions

(AARD LS136 Sept. 1986)

Special course in Missile Ae,'odynamics kAGAkD
,---'-?'," K:E__, R754 May 1987)

6GW In addition over this time period one specialist
S lecture series on intake% has been held at WKI

Brussels (Intak, Aerodynamic, Feb. 1988).

After three general Sections this review divides"broadly into Sections based on classes of vehicle"I.e. long range (.upersonic) cruise aircraft.
-tctical fighter aircraft. VSTOL air.raft and

- .. missiles with airbroathing propulsion. The most
obvious omissions ore s'tbsonic cruise transport

DISTRIBUTION OF THRUST FOCES ON aircraft and helicopters. The former has beenCONCORDE NACELLE AT 1427 omitted because nearly all the propulsion
a aerodynamics interest is cc, "rec on the problems
of external inter lorence between

Snacelle/pylon/wing/body and is therefore almost
• wholly a complete airframe subject. The latter

primarily because of the limited range of the
"" subject and the scarcity of available data.

mom 1 .4% m Am=" tal t; 15 saw • 0Cob Again because of the quantity of data available
WM 1 M A K 0% 11101 (which reflects the scale of the activity over

dma Win smM u s •the last fifteen or so years) the mostSW Zlam substantial sections are nuabers 5 6 7. It was
FIG 1l SOME ASPECTS OF THE IMPOITANCE OFTHE decided not to re*-review the intense activity

POWERPLAT NACELLE ON CONCORDE devoted to the Intakes of the B.70, Concorde and
CRUISE FLIGHT EFFICIENCY the Boeing SST and other SST designs of the

1960's. Thus Section 4 deals with the -ather
more general aspects of design studies for afuture SST. that have appeared more recently aridwhatever data is available for the SR-7I

aircraft. However Interest In this class of
"vehicle together with the associated area of air

.. breathing propulsion for hypersonic vehicles is
beginning to grow rapidly at this time.

..... . .. E a .t .sa .as .N11M r* a"* VtO mm't PKWAswlt• In this area we return to the theme of Importance

a W*S a Ist iti of the propulsion unit. For the high supersonic
FIG 1.2 SENSITIVITY OF HARRIER ~TAKE and hypersonic speed range the whole layout ofEFFICIENCY UNDER STATIC CONDITIONS he airframe is dominated by the geouetry of the

I intke and the exhaust nozzle as evidenced
Perhaps even more important than performance clearly in Fig. 1.3.
asFlcts are those of intake and engine
compatibility. If a wrong choice is made in the
geometry of the intake (e.g. choice of lip
bluntness, auxiliary intake area, or perhap-,
subsonic diffuser shape) then the aircraft's
engine may surge even before taxiing to the end
of the runway for take off. For a ramjet powered
missile, for similar reasons of poor flow
distribution at the entry to the engine, ramjet
operation may never occur and flight will be
terminated at burn-out vf the rocket boost motor.

It Is appropriate at this time to review INTAKE
experience of intake design and performance
gathered since the last major AGARD publications
that attempted anything similar - Airframe and
Engine Integration (AGARD LSS3 May 1972) and
Inlets and nozzles for Aerospace Engines (ACARD
CP91 Sept. 1971). Since that time soms aspects
of intake operation arid performance have been FIG 1.3 AIRFRAME INTEGRATED SUPERSONIC
included in:- COMBUSTION RAMJETS

-.....--- __.__



6

Fig 1.4 Illustrates In more detail the possible
geometries that emerge for a scramjet as a result
of integration of the intakc and the supersonic DVIR-UXDIR TU-120JETlRAWAET
combustor combined with need wherever possible to
keep all leading edges swept. -. UZ7 

2 2
.1ZC1zm

MACH 0 T3

-< ISAC4 2.9

'WME, ONLY

MACH 3

MACHl 5

THE MTUJ HYPERCRISP COMBINATION
TURBOFAN & RAMJET

RAM BURNER

INTAKE RAMP
JURRSG AN NOZZLE

INLET-/ . FIG 1.5 POSSIBLE COMBINATION POWERPLANTS

COMBUSTOR Thus whatever form the powerplant takes - and the
choice Is wide -. ramjet, turbo-ramjet,
surborocket , ramrocket , variable cycle turbojet ,
scramjet and combinations of these - the Intake
will always be a vital element of the propulsion
unit. Research and development of Intakes must
therefore proceed, as in the past, at all speeds

COWL. NOZZLE from zero to hypersonic velocities.

FIG 1.4 SCRAMJET INTAKES

However far many app~fcations flight from Mach
number zero to hypersonic speeds is necessary and
dual mode powerplants (usually a combination of
turbojet and ramjet) are needed. Fig.1.S shows
some possibie combination powerplants that show
the size and particularly the inevitable
complication of variable geometry intakes and
ducts.
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?.-L-LINITION Of INTAKE PERFOI•WICE Capt•-.xd
& DESCRIPTIONI O INTAKE FLOWS strseoatbe Extrnal filc

CONTENTS Internal flow Exit

2.2.1 INTERNAL FLOW EntrI 1I I

2.2.1.1 Efficiency of ram compression 0 C 2 ex

2.2.1.2 Flow distortion at the engine face FIG. 2.1 NACELLE FLOW STATIONS
2.2.1.2.1 Steady state flow distortion

2.2.1.2.2 DymA=!c distort ion This equation can be made Independent of the

2.2.1.3 Flow angularity engine face Mach number M2 by assuming that

2.2.1.4 Flow stability further compression to zero velocity is achieved
isentropically so that M,- 0 and P 2 - Pt and2.2.1.4.1 Buzz 2

2.2.1.4.2 Multi-intake stability thus:-

2.2.1.5 Flow quantity 7"1

2.2.1.6 Matching of intake and engine airflows " [[Pt 2] - 11

2.2.2 .XERNAL FLOW -_-

1.2.2.1 Pre-en'ry and cowl forces for a pitot 2

intake which for Incompressible flow reduces to:-

2.2.2.2 Pre-entry and cowl forces for an

intake noi - gram - Pt2 - Pa

with a compression surface

2.2.2.3 Spillage drag
This quantity has been used extensively to define

REFERENCES performance of subsonic intakes at low forward
speeds. However the definition cannot be used at
zero forward speed.

In this condition, It is usual to use a loss
coefficient defined as:-

Pro - Pt2X -~

2 2 DEFINITIOt OF INTAKE PERFORMANCE PARAMETERS q 2
AND DESCRPTION OF INTAKE FLOWS At high free stream speeds and particularly for

supersonic flow a more convenient measure of
2 2.1 INTERNAL FLOW efficiency than 71 is the simple ratio of mean

There are six properties of the internal flow total pressure at the engine face to free stream
that are usually measured by the Intake total pressure P t 2 /Pto which is widely known
aerodynamicist and are of concern to the engine as pressure recovery. This is sometimes
manufacturnr whose engine has to operate in the designated as n or np but will be presented in
flow delivered by the combination of intake and this report as the above total pressure ratio or
following duct. These six quantities are as PR.
efficiency of ram compression, static and dynamic
distortion and flow angularity, stability and
quantity. It Is impractical (and many times impossible) to

take measurements at the compressor face when the
2 2.1.1 Efficiency of Ram Comoression engine Is installed and operating. Consequently,

the engine and Intake designers agree upon an
The most natural definition of efficiency of the Aerodynamic Interface Plane (AIP)(whlch is
ram compression process Is:- forward of the compressor face but sufficiently

close to the compressor face to have a similar

-o - Work done in comoression flow field) for the definition of Pt2
Ki"etic energy available

The various merits of weighting individual pitotwhich for compressible flow Is:- pressure measurements made at this position to
form a Ian value have been discussed

'Y-1 exhaustively in ref.2.1. Area mean, mass flow
o . [iP2] 1 ~ .mean, Mass derived and constant momentum derived,

Ut" J Iand entropy flux mean are all options, Although
pressure recovery is usually measuted by means of

y-l a pitot rake, it can also be deduced from
2 (M Mt] measurements of mass fiow and static pre'-ure.

Air intakes for missile engines sometimes have to

where station 0' is In the free stream and be operated In conditions when large areas cf
wherestation 2 Ois at teengine face (Fig.2.. separation can occur at the engine entry.station 12' is at the engine face (Fig. 2.1). Fig.2.2 shows some curves of pressure recovery



Total pressure distortion can also appear In an
for such a cnr,.ýtion calculated by conserving:- otherwise distortion free geometry at design

conditions due to aircraft attitude which leads

I. mass flow - entropy to lip separation (Fig.2.3d) at incidence or yaw

2. mass flow - momentum (again related to lip thickness) or to
mismatching between engine and intake airflows

3. static pressure - mo thrUm which results in subcritical (Fig 2.3e) or

4. static pressure - mass flow supercritical (Fig.2.3f) operation.

and confirming the pressure recovery so
calculated with a mean obtained from a pitot __-'"•' ZONE A •'K/]///
rake. "" -- ZE 5

"fl~- FLOW SHOCK FA TTE
2%a FO ) SHOCK INTAXE

..... FIG 23 (e)-(f} SOURCES OF FLOW SEPARATION

Flow velocity, Mach number and Reynolds number
are required at the compressor entry to determine

us •relative angle of Incidence. Mach number and

Reynolds number of the flow on to the compressor
"C'ALCULATEOAVERAGEL F.. CONSERVING: blades. If both static temperature and pressure

can be assumed constant and steady across the

- MS ass,teOW- MO, compressor face then both velocity and Mach

--. SFLOW-MOMENTUM number can be considered as a function only of

------- STACPRE URI-MOSIENT total pressure and the distribution of this

....$ATIC~nFrsnE U- `LOW quantity is the only measurement that needs to be
made.

STOTAL PRESSURE LALNCE In order to obtain this type of flow distortion

FIG 2.2 PRESSURE RECOVERY DEFINITION Information, total pressure measurements are
taken at the A.I.P. Total pressure probes arc
mounted In a series of equally spaced radial

If the flow does not contain large areas of rakes such that they form a series of concentric

separation, and this is usually the case for rings (Fig.2.4).

acceptable performance from turbojet and turbofan

engines then all the methods of weighting give

values which do not greatly differ from each
other. Area weighting Is the simplest and it is *.

the one mcst commonly used. /2

1,2.1.2 F•cw Distortion at the Engine Face

Sources of total pressure distortion can be

inherent In both the geometric and aerodynamic

design - intake shock and boundary layer ,

interaction on an adjacent aircraft surface or on Its

an Intake compression surface can result In W

separation behind the terminal shock (Fig.2.3a); FIG 2.4 PROBE ORIENTATION-
separation In a duct can result because of choice VIEW LOOKING FORWARD
of a too high rate of diffusion and/or the VIEW LOOKrNc F oRA d
presence of sharp bends (Fig.2.3b); the absence Increased accuracy and convenience of data

of auxiliary intakes combined with thin intake reduction can be obtained If the radius of each

lips can cause separation at take off" (static) ring is set such that all probes are at the
conditions (Fig.2.3c). centroids of equal compressor face areas. This

t means that probe radial spacing decreases from
the Innermost ring to the outermost ring.

2.2.1.2.1 Steady State Flow Distortion
Probably the most widespread quantitative

tes-l uF SEPSTOM DVCT distortion parameter available in the literature
FOW SEPAIIATION 'because of its use In the earliest measurements

on intakes in the 1950s Is the simple:-

M' LIP SEPARATION Pt - Pt
SDN D- At, _ 2 2 IiS Ilto , _.(.,dT-•- *• • At - max mmai

and this is always a useful quantity to measure

for comparison purposes and to describe the

ATtZERtOINCENCE, ATltNCEit general 'health' of an intake flow Irrespective

HIGSFLOW of the type of powerplant (turbojet, turbofan,

FIG 2.3(a)-(d) SOURCES OF FLOW SEPARATION liquid or solid fuelled ramjet or ramrocket) that

m bue
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More advanced methods introduced in the late
1960s and 1970s take into account the APt/Pt e*-aut nw

distortion for each ring of total pressure -.-

measurements (with APt now being between ring E 5k-.

average and minimum total pressures). These ring [to o

distortions are weighted by circumferential so P
extent factors 6-, (the sector angle of the ring 0s

for which recovery is below face average). Other
improvements Include factors to quantify the 1

relative l.fluence of the dfrc'uafe'ential ano 12..,-".
raeial distortions..

The effect of a circumf.rentlal distortion on
compressor surge margin Is displayed it, Fig.2.5.

Here, thý 180 profile essentially drops the 0o

raximum, pressure ratio of a constant corrected CCYCItOAJAtOW 1. o awU(
speed line. FIG 2.7 EFFECT OF EXTENT ANGLE

One of the simplest quoted indices of distortion
CSPEED0% from Rolls Royce (Fig.2.8)

0 067. * !13 9o0 Overall mean total

o Pt " . LIM 183.2 pressure - Pt
4 %--T -IiOti SeAL ISE 1002

Sa. SCREEN m i. I
a • Meon total pressure

in sector

NOSSSL *P(SAIS4 LIM % V

4s] FIG 2.8 DEFINITION OF Df,
CORRECTED AIRFLOW-La SEC SaLL WS which rela,-s specifically to engine coi.,pressor

surge margins is:-
FIG 2.5 Effect of Circumferential Distortion

The effect of a hub radial distoi t ion on DC - Pt2- Pt#
compessor performance is displayed in Fig.2.6. q2
in this case the constant corrected speed lines
move to the left. That is, a given rotor speed
pumps less air flow so that surge is encountered where Pte is the mean total pre3sure in the
again at a lower pressure ratio. 'worst jection of extent 0 and

VIRRECTED Pt2and q 2 are the mean totu. and dynamicUxiis01in0su. tin 0 IU 7.1.5 pressures respect ively at the

Wso2 7C su, 2 3.00 agreed engine Interface plane. Flgnlflcant 0
t. 99-9 values can vars with tne engine design and

E coimnunly are 60, 90 and 120". For a bypass
SCREEN NO.14 engine DCOCC where GG indicates that the index Is

' taken over the area of the gas generatir can be
S1 0 .

50
- 0A'•, LIMetlU more significant than taking the whole engine

face In relating to surge margin.

34 . ~ tLOS(5,S ,American engine manufacturers use more complex
3, 40 42 44 SYALL POtS descriptors of the flow which have been evolved

CORRECTED AIRFLOW L B/EC to take account of both radial and

circumferential distortion. One relativelyFIG 2,6 Effect of Radial Distortion simple radially weighted circumferential Index

Is:-

Critical circumferential distortion extent angles K 2 0n I[AP tn. . r2
(0-) are determined In current methods since It Dk or _-1-- - I
has been demonstrated that the blades do not have n

11
t max rn

time to react to narrow dips In the
circumferential pressure profile. Above this fn
critical angle, extent factors are calculated to rr
determine the effect of the low pressure region n-I
on surge margin loss; however, Fig.2.7 Illus-
trates the fact that the bulk of surge margin where 'tn- (Pt "twin)n and F Ptm, n are
loss occurs with a 60' to 90" extent angle.

respectively the mean and lowest pressure in a
ring (n is often 5 or 6) and i is an extent
factor.

Nr -
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A multiple per revolution factor may also be used 2.2.1.2.2 Dynamic Distortion
to determine the effect of more than cne low After initial suspicions in the early 1960's that
pressure region in a circumferential time variant distortion could be responsible for

distribution, compressor surge it was shown in the late 1960's
that although compressor blades need a minimum

Other distortion Indices and comparisons between extent of circumferential distortion to react to,
them are given in refs. 2.2 and 2.3. compressor blades do also react If exposed to

this critical extent for a sufficient time. Thus
Using this type of parameter, the loss in surge surge would follow if the critical steady state
margin can be calculated directly with the distortion index was e::.teded fct a time period
distortion value based on both the intake flow of the order of that for one engine revolution,
field and the engine design (Fig.2.9). typically about 5 milliseconds.

'c For example, during prototype flight tests of the
0 . /_ ,T,* SO ZLjj F-111A, it became apparent that the desired

e-1/ cflight envelope was restricted. Maneuvers of the
,e srnvir, aircraft at high subsonic and supersonic speeds

• . resulted in engine compressor stalls at
Cise...... steady-state distortion levels which engine tests

(using upstreams screens to create these
- .v,.,distortions) had shown to be atcceptable. This

inlet-engine incompatibility gave rise to

comprehensive flight test and wind tunnel

investigations to identify and correct the causes
me-ss .w-o..mszj.. "] . of the unexpialned compressor stails.

Flight tests of the F-111A were used to determine

tms f\ I-,. ' •-,,\ 1 how the dynamic nature of intake pressure
lo." o't - "' fluctuat ions related to engine operational

a-essa, ,•,IM, stability. Steady state values of the flow

distortion were compared with values taken at 400
-. ,,-.s,,.-- sps (samples per second). A typical comparison

oosowrbse is shown In Fig.2.1l for a Mach 1.6 case. This
data clearly shows that while the low response

FIG 2.9 CORRELATION OF COMPLEX DISTORTIONS/ data would not indicate the po
t
en

t
ial for stall,GENERAL FORMULATION the high response parameter mea-.urements yield a

substantial peak approximately 15 milliseconds

Correlations between predicted and calculated prior to surge.

loss in surge margin for each type of distortion Su s sfl\
are displayed In Fig.2.10 for a turbo fan I - --- ' ---
compressor and a F-100 fan. These plots show K, o
good prediction accuracy of these parameters for
a wide variety of flow conditions and engine av,
components. An error band of plus and minus two
percent is indicated and the majority of the data
falls well inside the two percent band (Ref.2.4). 'g m• A .0

to / SwRIGE " 6 WNIEO • .0 ,l .k I. . .$ .

•, IENSINt FIG 2.11Hgh and Low Response KDA Comparison for

•S .2•APRS .( F-IlIA Flight Test; Mach 1.60, , -LPRS R ESONkt
-2hAP RIG 0 For a preliminary assessment of dynamic.ENINEVt distortion in a given intake, a rough rule of

X- RIG thumb can be applied, based on turbulence of the

flow expressed as values of root-mean-square of
-1ENGINE the fluctuations in static pressure. If

" "-15 -10 -5 0 1 (A!4)rms./Pt Is not greater than one per cent , the
A OLATION OFS P FNproblem of dynamic distortion can confidently be

excluded: if the same factor is as high as four
t5o or five per cent, then detal led distort ion

0I /measurements are advisable.

0.10. 0' The determination of dynamic distortion,
"2hbAPRS-... . ( requires, much additional instrumentation and

" "/ 5 both experiment and analysit take on a different

0 ,/-2z.R order of complexity.
2 /, / Unsteady pressures have to be measured at a large
00 number of points at the engine-face position, for

- /, representative free-stream conditiona In a wind
/ I tunnel, The number of points necessary in a

-5 0 S it 1 development test ha: been variously recosmended
CALCULATED APRS as between 36 and 60. These pressures are

APRS CORRELATION OF TURBOFAN COMPRESSOR recorded on miniatute high-response

differentlal-pressure transducers.

FIG 2.10 PREDICTION/MEASUREMENT CORRELATION- Details of the moans of measuring and collecting

FANS, COMPRESSORS, CORES th, very large amount data required and the

subsequent editing and analysis to produce values
of dynamic distortion are given In Chapter 4.

S... IIII II. ... ....



Z2.1.3 Flow Anaularitv

Angularity of the duct flow will either Increase If it Is not possible to completely separate the

or decrease incidence on to the compressor blades Intakes, the problem can be avoided or attenuated

and is therefore obviously an important by means of a suitable selitter plate dividing

measurement for compatiLility of intake engine the intakes, and/or cutback endplates to the

airflows. If an engine Is equipped with inlet supersonic compression surfaces which will

guide vanes that straighten the flow before the attenuate the overpressure. Thore are in addition

first compressor stage then this importance may two forms of flow instability emanatig solely

be somewhat diminished. from the intake. The first is confined to
supersonic speeds and is caused by oscillation of

Flow angularity or swirl develops after a duct the intake shock system (known colloquially as

bend and is the result of an interaction between 'buzz'). The second occurs when two or more

the centrifugal pressure gradient and a low intakes supply flow to a single duct and is

energy region such as a boundary layer or a usually known as twin (or multi) intake
reglon of separation. The centrifugal pressure instability.

gradient is proportional to V2y where V is 2 2.1.4.1 Buzz

mainstream velocity and R is the bend radius and

results in pressure at the outside of the bend External and mixed compression intakes operating

being greater than on the inside. If thera Is a subcritically are subject to an unsteady flow

boundary layer on the bottom of the duct with oscillation called "buzz". Unless the supersonic

reduced velocity V' the local centrifugal freestream Mach number Is very low oli supersonic

gradient 01.2 Is insufficient to balance the intakes witL external compression surfaces appear

R to exhibit this instabili.y of the flow at some

pressure difference between the walls so that point In the subcritical flow regime. The intake

the flow in this region is directed towards the flow states of supercritical, critical and

inside -all. If there is a similar boundary subcritical and the probable occurrence and form

layer on the top wall, flow Is also directed of shock oscillations in these flow states are
inwards in this regior. Both top and bottom described In ref.2.5 and shown In Fig.2.14.

inward flows return to the outside wall in the

region of the centre of the duct and the result
is two cells of swirling flow (Fig.2.12a).

(al - ttoe , FoI.sla
TWIN STAttE SK nASC t I (a)

SWIR----, SL FLOW it omR SH1LAN•PCIT CITCA
' / S -/ mLAT"

Os, ,~ STABI

~ (bi S TKltAL

/SMAL `MS'IAL 
~ WSt 

5ILTt

FIG 2.12 BENERATION Lt TWIN & BULK SWIRLS - tR -- "-

LARG E SH tlOCK

if a large low energy region such as a separation 'JLTO

occucs on either the top or bottom wall of the

duct upstream of the bend then a single directed
or bulk swirl results as shown typically in Fig. F1 2.14 SHOCK OSCILLATION E THE INTAKE RIESSURE

2.12b. The resulting swirl meaSured at theOR LO ARA

engine face is a combination of the bulk swirl EVRwFLWHAATISI

and twin swirl patterns (Fig.2.13).

The phenomenon normaliy occurs at mass flow

,"u•,ratios below design and serves to limit the"doperating range of the intake-engine combination.

or bsBuzz can be responsible for strucTuraI damage to

2.b Tthe intake, compressor surge or ramjet flame out.

eng. in ecUn1tsNTsL FLtS Buzz be gins when the intake becomes choked
iS. 5 atO-A 5101 because of massive flow separati on. The cause of

the separation may be associated with shock wave

FIG 2.13 SiJPERIMPOSN3 OF BULK & TWIN SWIRLS boundary layer interact ion, diffuser flow
separation, or shock wave intererrence ahead of

the inlet. Fig.2,15 illustrates two suggested
2.2.1,4 Flow Stability mechanisma of buzz triggering resuiting from

massive separation in the dfffuser. in any

One form of unttable Flow, compressor surge has event the normal shock is pushed far out on the

already been referred to, but this is a compression surfaces to spiii the unpessed flow.

phenomenon resulting from engine malfunction. The flow situation which caused the separation is
However when two intakes are closely coupled, the altered dramatically, reestabeishh e attached

possibility exists that a surge of one engine flow with a greatly reduced static pressure

causes the surge of the second engine. This is created by thh starving engine. The normal shock

due to disturbances that the hm rshock is consequently sucked Into the subsonic

overprmsure originated by the surge of the first diffuser, As the system stabilizes, the flow

engino 'rest on the adjacent intake, and occurs structure which caused the initial separation

prmariliy at supersonic speedr, when the adjaent reappears such that the cycle repeats itself.

Intake shock system is alfocted.

i.i
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.-�-•-� 2•2.1.4.2 Multi-intake Stolility

SFor aircraft this phenomenon Is usually
associated with twin intakes situated on either
side of a fuselage feeding air to a single

/777-7. engine. When i:itake flow is reduced by contra;
of the exit of the common duct a critical point
Is reached below which unequal flows develop in
the two intakes. On one side the flow increases

SEPAARA again while on the other it falls rapidly to zeroH D a and can become negative. The net result on the
flow reaching the engine is that total pressure

recovery falls suddenly and total pressure
disti ibution deteriorates as this critical point

FIG 2.15 Buzz T.iggering Mechanisms is passed. The critical point occurs when the
slope of the static pressure recovery versus flow

Fig.2.16 shows the shock cyc;e and corresponding curve In the single duct changes from negative to
dffuser1 showsute. shoc cy chaand corizespond lo positive so that it is possible then to have two

diffuser pressure. Buzz is characterized by low flows, a high one and a low one that have the
frequency and high amplitude. Sustained buzz can same static pressure (Fig,2.17).
result in an engine corrpressor stall. st _ g

4MT Tat 77:1to

FIB 2.16 'BUZZ' CYCLE
IG"hamer-shock" aleady FIG 2.17 TWIN DUCT INSTABILITY

mentioned may also result from dustalned buzz Sot times thie unequal distributiont of flow

mnd/or compressor stall. Transient overpressures between the two Intakes is time dependent. Again
generated by a sudden engine surge can reach as with intake iJZZ the concern is to a-4asure the
values well above theoretical maximum flow at which the phenomenon occurs so that it
steady-state Pt, Such a transient fractured the can be avoided. If the doviding wall between the
North American F-107 Intake ramps during flight two ducts is taken to the compressor entry the
test. pressure equalisilg process can be transferred to

tihe compressor exit and the instability may be
Normal shock oscillatiors can also occur at righ prevented from developing.
mass fliw ratios and supercrtlcal operation (Fig.
2.14). In this condition the normal shock may The more I nplex multi-intake interactions

oscillate In the subsonic diffrser duo to the typical of missile I stallations feeiing a single
basic instability of the strong shock wave ramjet combustion chamber are discussed In

boundary layer Interaction. These oscill.t ions Section 7.

are of higher frequenty and lower amplitude than
buzz, but can still generate high turbulence and 2.2.1.5 Flow Quantity
distortion at the compressor race, possibly All important internal flow phenomena and the

surging the engine, external drag are quite critically depeneent on
the relative amount of flow through the intake.
At subsonic and low supersonic speeds the flow

What usually matters to the Intake designer and quantity determines the severity cf the prz-entry

the engine manufac'urer Is the definition of the pressure rise and hence whether or rot the

point on the subcritical characteristic or -n boundary layer on the aircraft surface

intake at which 'buzz' is Initiated I.e. the approaching the Intake will be attached or

stable fnow rane. lhe match point between separated (Fig.2.18).

engine and intake flows can then always be made ,*tm.-.. - -
to fali within this range Stable flow range or
margin is usually characterised either o Itr--I--- . "

as oA[ oras-
[A n stable max A mmn stable '

Ao inx

IAomax--

The possible 'triggering' mechaalsms that could Pmtry f. awtw .
cause the onset of 'buzz' have already been s s" 14 11 4 toe
mentionei and are discussed in mote dtetail :n
ref.25. .ogether with measrces that cun be taken
In intake design to maxximise tsh stable FIG 2.18 VARIATION OF STATIC PRESSLUE IN ENTRY PANE
subcritical flow region. FOR INTAKE WITH FORWARO WETTED SURFACE
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At supersonic speeds for an external compression
intake th,' flow determines the extent to which W- -/ 2 'Y'

1 
A•' Pt.A

the designed for shock pattern is deformed uy the/ 1- 2-- .".P
upstream movement of tne final normal shock (Fig. A
2.19). or the non elmeisional mass flow function

IOT wTt - Consa'nt x A*
AP A

In intake work it Is usual to express measured

mass flow as a retio of f!ow being ingested to
the flow that would be ingested at datum

FIG 2.19 DISTORTION OF SHOCK WAVE PATTERN conditions.

DUE TO SUBCRITICAL OPERATION
For n itak wit Inernl copresio It Thus the mass flow at the engine face:-For an intake with internal compression it

determines whether or not the intake shock system
remains in its efficient 'started' configuration p2 V2 A2 - P0 Vo A,
(Fig.2.20). and the flow ratio or capture area ratio is:-

_,-. ritical point can be
a/,Ii opproached only from Po Vo Ao - AoPR supercritical side

- I . Pc Vo A,. A,

Si •-•Subcrifical operation
ic at level uf Lseffic:ent It is evaluated at the eng!ne face or at a

_____ pitot intake venturi section 'v' just downstream of the engine
AO/Ac 10 face w

t
.ere wtatic pressure only is measured:-

'STARTED* INTAKE AT pCRTIAL LW'N5(A A, . t2  A*

Ac pt,] 2 AcL* 0
'SWALLOWtD N~ORMAL

:S11K Each measurement of total pressure at the engine

face is associated with an adjacent static
AT S-•ERT.L FLOW pressure (or a mean of a small number of wall
-EXF2LLE.2O NOSL SHOCK statics) so that local Mach number (from P2/Pt 2 )is determined ari hence the local value of

CONTRACTING !NTAKF
As has been seen in the foregoing sections either [ Thus for n total pressure points:-
the value of the performance parameter being 2
measured (such as pressure recovery or total
pressure distortion:) Is primarily a function of t2 p * IA1 [
flow or it is vital to define the flow at which A

0 
. t2 fA AA2  A

an undesirable flow phenomenon such as 'buzz' Ac I Pt- [A 2  A, A*
occurs so that it can be avoided. In addition
the accurate measurement of flow enables other
quantities such as supersonic sidespill that are where AA2 is the engine face area associated
difficult to measure directly to be deduced and with each total pressure tube.
it enables one dimensional Mach number to be
evaluated at any duct station which is a useful For the venturi section, A can be evaluated
parameter for correlating subsonic diffuser Av
performance.v

from pv/Pt 2 & valueq of Pt 2 /Pto and Av/Ac are used

Flow measurement in a wind tunnel is usually done
either at the engine face, or In a venturl in the above equation.
section just aft of the engine face or if the If there is a choked exit:-
control valve that varies flow is choked, just
upstream of this choked exit.

A _ Pt2 Asx A
The mass flow or more accurately the mass flow A0  t A* A
rate (Kg/sec) is:- Ac Pt- AJo

For both equations it Is necessary to add a
- MAPt - calibration factor that is determined In a

separate test where flows that are known to a
higizr accuracy thar is required from the Intake
mass flow evaluation, are measured, by theS- engine face or choked exit Instrumentation.

or alternatively MAP iat

l T l,-- "(14Y-i M 2J 2(-Yl) Thus At, I n Pt2 ,A*1  dA21 L ] J
From the formula for sonic area ratio:- and iO p Pt 2 Atx (A C

A -[2 [1+ - 1 1  l MI PAc A0  N o Cd

2(*•-1)
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wher: K2 Is an engine face calibratiron factor The position of the match point is further

and complicated In practice by the change in the
shape of intake characteristics and maximum

A (values of ingested flow (particularly for intakes
Cd (an exit discharge coefficient)- ex effective with compression surfaces) as shown typically

- when free stream Mach number (Fig 2.23) and

Aex geometric intake attitude (Fig 2.24) are varied.

2,2.1.6 Matchlne of !ntakS-nd Engine Airflows M. so,.

Before considering definitions of external drag A- M.• -,.s
it is appropriate to consider the matching P"

between intake and engine airflows. A

For a given flight condition and ramjet or gas

turbine throttle setting, [he intake airflow
supply will -atisfy the engine airflow demand at

one unique point on the intake pressure recovery

versus flow characteristic. The demond
characteristics of both ramjet and gas turbine A'

engines can be simulated by the characteristics FIG 2.23 CHANGE OF TYPICAL CHARACTERISTIC WIT'
of a choked hole of variable area. This area is EREE STREAM MACH NO.
a function of the fuel burnt in the engine. By PEC'ANGULAR IN1-KE
writing the equations for mass flow conservation

between entry and choked hole exit, the engin, cfsua e

demand appears on the intake characteristic as astraight line pas•Ing through the origin. The "

slope of this line will vay with intak& enity
area and engine throttle setting. An optimum -
intake entry area can be chosen to ensure
's., tched' oreration at a desired location on tie A A/
intake characteris•ic. Tie most desirable

locat ion will give a maximum thrust .inus drag AXI$SYNETRIC mTAXF

and will be at or very close to the critical
operating point of the intake. PR

Fig. 2.21 shows the c.,nsequences of mismatching EASIN6
engine and intake airflows due .o wrong choice of / C0S

intake size and the effect of engine throttle
setting on the match point.

INTO(A5,00 LARGE
/ FIG 2.24 CHANGE OF TYPICAL INTAKE CHARACIERISTICS

,,,, ,llu I ,-1,, t.22tss,,F WITH INTAKE ATTITUDE
PR si ,nve .{ 0a¢ashn t~LSAt I+irs,

- / "" T 2.2.2 F"TEP.TOl FL

r / All the .xternal forces on an engine nacelle
except drag at crulie incidence are usually

K-1 / `"T7
measured and calculated as part of the complete

// 7 aircraft and are therefore outside the scope of
this review. External dra5 however is dependent

on the flow through the Intake, the strength and
disposition of compression surfaca shock waves

_ ______.- and the shape of the intake in the immediate
A, vicinity of the cowl lip and is therefore an

important aspect of intake design and

FIG 2.21 EFFECT OF INTAKE SIZE & ENGINE THROTTLE performance. External drag is usually only a

SETTING ON INTAKE/EN6INE MATCH POINT significant part of zero lift or cruise attitude

Fig. 2.22 similarl, shows the effect on the drag of the whole vehicle and therefore
match ps.irnt of altering stagnation temperature measurements on Intakes are normally made at zero

(which can occ-,r due to change of day temperature or small positive incidence.
or altitude) or of free stream Mach number) both
for a ramjet and (oppositely) for a turbojet Z.2.2.1 Pre-entry and Cowl Forces for a P!t .9.
engine. Intake

A practical thrust definition acceptable to both
airframe and engf-c manufacturer is known as net

standard thrust a..j is the difference between

PR t. .. t.5.5, pressure and momentum f,,rces at the physical exit

to the engine and the Incoming streamtube to the
//. ,.sss"........ Intake at free stream conditions (Fig.2.,) i.e.

/,/'/TN - [(Pex-Po) . Peax Vex'] Aex'po Vol A. (I)

The use of the free stream value of the entering
momentum In the streamtube approaciing the intake

L .in this equation, Implies the existence of a

Shpre-entry thrust force in the above equation,
where:

FIG 2.22 EFFECT OF CHANGE OF STAGNATION TEMPERATURE
ON ENGINE INTAKE MATCH POINT TPRg - I(Po-'o) + Pc Vc') Ac-Po Vo' Ao (2)
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acts on the boundary of t're pre-entry streamtube For a pitot intake TPRE (- DpRE) can be
(Fig.2.25). Because che flow Laundary Is a calculated from equation (2) or more conveniently
streamllne the pressure Pint acting on the be e ressed aioefficiertmorm inntermsnofcan b xrse ncefcetfr ntrso
internal surfnce must be balanced by pressures tabulated flow functions as:-

Pext acting on the xsternal surface and these

external p-,ssures give rise to an equal and P
opposite force to TpRP n the drag direction, (TPRE - TPRE- L Pc c Po P+

known as the pre-entry ,r in the USA, additive qoAo [P, Pto qo
drag (pRE or DADD).

COWL PRESSURE ORAG OcO 
2
qc . Ptc 0to] -2 Ao

J/FRICTION DRAG OF PtC PtO qo Ac

where at subsonic speeds Ptc

and at supersonic speeds Ptc Ptn the

FIG 2.25PRE- ENTRY & COWL PRESSURE FORCES rt° pto
stagnation pressure change across a normal shock;FOR PITOT INTAKE
or in terms of Mach numbers as:-

When the flow ratio Ao is unity the pre-entry

Ac [ l+yMe
2  

y

stre..tube is undeflected upstream of the capture fl+y-I Mc21 y
4
-

area, Pc - P, and pVcVc
2
AC- poVo

2
Ao so that TPRE CTpRE- 2 12

(-DPRE) is zero. This can be regarded as a P( M__

datum condition from which changes (either Ao > - A0
or< Ac) can be studied. From thle datum r'-'-"1 Mo'l
condition, the curved pre-entry flow induces 2
changes in the cowl pressure distribution from
the stagnation line position on the cowl lip
which divides external and internal flows. For In ..ch calculations the assumption is made that
Ao<l.O thece changes in pressure distribution on the stagnation line is at the cowl highlight

(cap'ure area) position and that the flow is one
A-c dimensional. For a sharp lipped cowl errors duethe cowl constitute a thrust force which in to both these assumptions are probably reasonably

subsonic potential flow will be equal and s. 1 until Ao << Ac. For a thick lipped cowl
opposite to the pre-entry force. in a viscous th! situation should be examined more carefully
subsonic flow this cowl thrust is reduced below (especially when correlating values for drag
the potential flow value by Ca) the presence of obtained from experimental measurements and those
the boundary layer on the cowl and (b) the from computational methods) and is discussed
appearanc, of shock waves on the irrward facing under the heading of spillage drag.
surfaces of the cowl if the flow over the cowl
becomes supercritical. The calculation of CTPRE or CDpRE from

computational methods using full potential flewAt the datum flow con~ition when the external at zubsonic speeds or the Euler equations at
flow is free of shocks the cowl drag is the subsonic and supersonic speeds c;,%c bc done
summation of friction hnd pressure drag. This is directly by integrating surface press!;res along
known as profile drag and Is often for the stagnation streamline. 4owever it is often
convenience prc.;ented as a form factor \ in which more convenient to use a similar approach to the
the drag coefficient is normalised by the mean one dimensional calculation but now using a
skin friction lrag coefficient of a flat plate station downstream of the capture plane for the
with the same Reynolds number based on total downstream momentum plane, where the flow can be
lengtr of tihe cowl, regarded cs truly uniform and axial.

At supersonic speeds the pre-entry thrust and With the pressure and exit motrentum terms nuw
drag forces are still equal and opposite but a based on station '2' (Flg.

2
.1) the cowl Internal

net drag force is now essociated with an increase pressure force from the stagnation line to
it, wave drag as the ettachod cowl lip shock station '2' has to be evaluated, to obtain CTPRE.
changes to a detached vcave ahead of the Intake
capture plane when A0 < Ac. As at subsonic The internal thrust from upstream infinity 'o' to
spee.s, cowl pressure distribution changes from station '2' Is:-
the datum condition in P favourable sense but the
cowl thrust developed is now much smaller and
dobs not nearly offset the pre-entry drag (as it T2 poVoAoV 2 + (P2-po) A2 - poVo

2
Ao

does at subsonic speeds when A0  initially
decrease& just below Ac and viscous effects are
satl). Covl drag in the datum condition is and T2 IA0  __ -1 + (P 2 -P A2
again the summation of skin friction and pressurs -T2 " - - Ac VL, qVA-
drag. Pressure drag Is now the result of the
shock wave emanating from the cowl lip and can be _-
calcula:' by linear theory or by the use of the where V il+-I M21
method of chraracteristics (ref 13 ,smamarises and I
correlates some results from these methods) or by ;yRT
solving the Euler equations for th combined
external and Internal flow, and M2 is derived from-
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NA Ao* Ac Below M. - Mw the datum condition is determined
2 •by the position of the compression surface shocks

A A0  A2  in front of the cowl lip and the maximum flow
A2  Pt2/Pto ratio (Ao/Ac).ax is always less than unity. This

maximum flow ratio is associated with a pre-entry

drag and thrust corresponding to the fore

CT2  CTI"T+ CTPRE spillage of I - [AoJ and this again is a

(A,cmax
and as CTpRE- CDPRE dvnoted by tiie suffix 'o'.

CDpRE- CT2 " CTint At both subsonic and supersonic speeds TpRE

(-DPRE ) can be obtained from application of the

where CTit is the duct internal pressure force mosrsotum equation ao the Internal flow in a

coefficient integrated from the stagnation point manner similar to the pitot intake evaluation of
to Station '2'. Thq stagnation point can be TPRE. For a single wedge intake of angle 6

t 2(Fig.2.27) this is

found accurately by locating the point at wusich

the suface velocity changes signA -" & CA-0
Ac

is a limiting condition at supersonic speeds. (Ao

Mo Po
At subsonic speeds It can be regarded a. a FIG2.27 WEDGE INTAKE AT M MO LDpREok0
convenient datum condition but it is not a -o

limiting condition. This is obtained when the

intake flow is choked either at its capture piane
or at some throat plane "th' downstream of the TPREo- PiVAi ' cs I + (Pi-Po) Ai cos

capture plane where Ath < Ac. Thus at low V
subsonic speeds if the lip is not thin the flow + (Pw-Po) AwPooAo

can Increese beyond A. - 1.0 up to the choking where Aw is the projected area of the wedge

Ac

flow A0 or A0  A0 and the one dimensional CD Pw at supersonic speeds is the constant
Ac Awedge s'irface preosuro;Ac Ath AO*

will Increase again from zer.. At high subsonic

and low supersonic speeds Internal contraction to p5 at subsonic speeds is cther taken as

Ath will create a choking condition (Mth-l.O) at po+pi or is obtained from
a flow ratio A. < 1.0 2

Ac
which then precludes the datum condition ever a correlation of pressures measured on

being reached. It then has to be accepted that wedges In Isolation (ref 2.6,.

the intake operates in a spilling condition A0  At supersonic speeds it is often easier to

A, evaluate DPRE directly by summing the pressures

< 1.0 even at full flow and CDpRE will never on the external limiting streamline. For a

attain a zero value, single wedge this is very simply:-

2.2,2,2 Pre-ettry and cowl forces for rn intake DPREo - (pw-po)(Ac-Aomax)

wiA compression surface

At supersonic speeds due to the presence of a The expression for the two wedge compression
comrressi-i surface the datum condition of surface is lengthier and is g;ver in ref.2.5.
Ao - 1.0 is only ýbtained at Mach numbers above For the single cone compression surface Pw Is not

constant but can be integrated numerically along
A, the limiting conical flow streamline. The second

shock on a double cone is curveu and the flc~w
which the compression surface shock (or shocks) field can be evaluated by the method of

impinge on or go within the cowl lip characteristics.

(Mo ) MSOL,.Flg.2.
2
6).

At subsonic speeds the choice of a datum
condition is more arbitrary than for the cases

((a)(b) considered hitherto. At low subsonic speeds the
value of Ai due to the presence of the

'0 ' compression surface may not be sufficient tocause throat choking before the condition Ao - I

Is reached. In this ca'ie because of the presence

FIC 2.26 WEDGE INTAKE AT (a) M0  MsoL of the compression surface the enteringstreamline will not be undeflected and parallel

(b) Me> MsoL DPREo=O FOR (a) & (b) to the free stream direction and thus TpRE will
not necessarily be zero.
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At moderate and high subsonic speeds and at Spillage drag CDSPILL is calculated from:-
supersonic speeds when the wedge sho,:k is
detached the throat (or capture plane) choking CDSPILL - CDEX- CDEXT
flow could be considered as an appropriate datum 0
condition and this will now be associated with where CDEXT- CDPRE(or
values of Ao that are less than unity. One other R DADD) + CDCOWL

and CDEXTo - CDRE° CDCOWIo
Ac

datum condition is the flow such that the throat where again the suffix o denotes a datum
velocity V, cr Vth is equal to the free stream condition.
velocity Vo.

For spilling flows the stagnation line is on theCowl pressures for the maximum flow condition at internal surface of the lip and not at the
supersonic speeds should be calculated using the capture plane 'position. Thus if the one
flow direction and Mach number at the cowl lip dimensional based on the capture
that result from the compression surface flow at value of CDpRE
that position. In practice two dimensional plane area CDpREc Is used this should be added
calculations of cowl drag show that the -alues to cowl drag CDcowLC that is the summation
obtained by this procedure differ very little
from those obtained ignoring the compression of the axial cowl pressure force components
sur'.Xce flowfield and assuming free stream Mach downstream from the capture plane. If the true
number and direction at the cowl lip. external cowl drag CCOWL t is used i.e. the

summation of the axial cowl pressure force
ia the absence of more comprehensive data components from the stagnation line position

similarly it Is often assumed that the decrease forward to the capture plane and then back
in cowl drag when the intake operate. externally to the maximum diameter position then
subcritically is the same as for a pitot intake this should be added to a pre-entry drag
with the same geometry cowl. CD which can be one dimensionally using the

2.2.2.3 Spillage Drac PREt

stagnation line area and not the capturE plane
As already indicated, a reduction of flow ratio area.
below the datum or maximum flow value results in
an increase in pro-entry drag force and a i.e. either CDEXT - CDPREc + CDCoWLc
corresponding increase in cowl forebody thrust
force (which are equal and opposite in subsonic or CDFo. - CDPREt + CDCOWLt
potential flow) and therefore results In no net
axial force. In viscous subsonic flow If the Unlike the evaluation the calculation
flow over the cowl remains subcritical the change Of CDpREc
in cowl pressure gradients result in a thickening
of the cowl boundary layer and ultimately, as of CDPREt is not simple in that the position of
flow ratio decreases further, to separation of
the flow from the cowl lip. Under these the stagnation line has to be found
circumstances cow! thrust is decreased from the experimentally by pressure plotting the lip In
potential flow value and a rapid rise in drag fine detail or from potential flow theory or by
from the datum or maximum flow value is measured solving the Euler equations.
that is called spillage drag.

The variation of drag with flow ratio at
When the flow o-er the cowl Is supercrltlcal this superson!c speeds for a pitot Intake Is shown In
spillage drag will occur as a result of both Fig.2.29a and the more complex situation for a
boundary layer thickening and shock wave wedge or cone compression surface Intake in
formation. The wave drag component will probably Fig.2.29b.
increase initially as flow ratio decreases or is) /
free stream Mach number Increases and then be
succeeded by a flow separation at the fooe of a -ti
reduced strength lambda shock and finally by a co
complete collapse of the supercrltical flow as
separation moves forward to the cowl lip.

At supersonic speeds because of the Increased
strength of the head shnck, directly flow is 7
reduced below the datum level there Is an---------_--------.....
increase in pre-entry drag. This is not balanced is
by a corresponding increase In cowl thrust so -

that spillage drag is positive when subsnnic A/i t
forespillage occurs, Cowl drag is reduced as , ib}
spillage Increases and Initially cowl flow ". /
remains attached. However at greater spillages, .. ,
flow can detach from the cowl lip and form a
small bubble separation followed by a weak to,
reattachmetnt shock (Fig.2.28). The size of the -
bubble and the strength of the reattachment shock ,et
grow as flow ratio decreases further.,4

FIG 2.28 FLOW PATTERNS AROUND PITOT AX. 0

INTAKE AT SUPERSONIC SPEEDS FIG.2.29 'LOW STATES & DRAG DEFINITIONS AT

SUPERSONIC SPEEDS FOR (a) PITOT &

lb) COMPRESSION SURFACE INTAKES
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'his latter figure illustL'ateA the potential
advantages of variable geobetry (by translating
or varying the compression surface angle)
available to the complession surface Intake but
not the pitot Intake. Flow can be spilled by
supersonic forespill at % much lower rate of drag
increase with flow reduction than i; obtained by
subsonic forespill only o, by combined supersonic
and subsonic foresplll.
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2.3 THE INITIAL iIi-N PROCESS assess the relative performance of inlets and
their subsystems for studies of

CONTNTS airframe-propulsion Integration. The program was
intended to be %ccurate and ctmprehensive, with

2.3.1 INTRIODUCION improvement of the method as new data became
available.

2.3.2 GEItALIZED INLET MODIEL & CALCULATION
PROCEDURES Another object of liP was rapid calkulation and

convenient use for Inexperienced users. The lip

2.3.3 SPECIFIC EXPERIENCE WITH THE LEVEL 11 operates Interactively, using a blend of
INLET INSTALLATION PROCRAM (lIP) theoretical analysis and empirical correlations

to model the flowfields about installed air
2.3.4 CONCLUSIONS & RECfWhJDATIONS induction systems. No extensive flowfleld

REFERENCES solvers or boundary layer codes are employel. A
complete on-design analysis starting from an

2.3.1 INTRODUCTION interactive input session can be completed in

Supersonic aircraft design has evolved to the approximately twenty minutes.

point where even the earliest phases of design liP is capable of analysing a broad range of
can benefit many times from consideration of air irlets and approach flowfield conditions. The
intake integration, component design and program consists of six major software modules
performance analysis. Figure 3.1a (from Ref 3.1) capable of analysing both two-dimensional and
offers some insight into the rationale behind axisymmetric supersonic compression types
this statement. In this Figure a trend can be including pftot (normal shock), all external or
seen toward reduced range factor in fighter mixed external-internal. Inlet subsystems
aL-craft which is associated with an increasing including boundary layer bleed, bypass, and
ratio of intake capture area to aircraft wetted auxiliary inlets can also be analysed. The
area (Ac/As). Increased relative intake flight conditions may range from static operation
size in advanced fighters is required to up to Mach 3.5 at any altitude. The user can
accommodate the higher maximum mass flows also specify non-atmospheric freestreot
associated with increased thrust/weight ratio, conditions, such as wind tunnel test conditions.
but it also generally moans a wider range of Angle-of-incidence effects can be analysed for
airflows, leading to greater values of intake horizontal ramp two-dimensional inlets only (no
flow spillage at cruise conditions and more attempt was made at estimating the 3-D flowfields
sophisticated intake variable geometry. The of axisymmetric spikes or vertical 2-D ramp, at
Figure suggests that the combination of increased angle-of-incidence.
propulsion stream size and propulsion
installation complexity make integration more Performance output from liP consists of internal
difficult. Also, It suggests that the levels of flow thermodynamic losses and external
intake and nozzle performance decrements are aerodynamic drag. Total pressure recovery losses
significant in the determination of performance, are followed through the induction process
Therefore, in order to discriminate adequately (oblique shock losses, normal shock loss, cowl
among competing supersonic aircraft concepts, it lip losses, and subsonic diffuser losses). A
is useful in preliminary design to show the complete drag component breakdown is given with
relative impact of different Intake integrations absolute values of drag components as well as CD
and/or the effect of significant perturbations in changes relative to a specified reference
an air Intake design. Any such analysis needs to condition. Flow characteristics such as onset of
be simple and quick, but give a reasonably buzz, oblique shock ingestion, and inlet
accurate intake performance. 'unstart' are displayed. Also included are

F' massflow ratios for all of the inlet subsystems.
12 ~A-n" .12 A/wP Although liP Is mainly for analysing existing

g• N.4Z. 1 66 1 geometries, limited desfgn assistance is s!ho
0"- available. On-design values oi compression

ýo < o" surface angles and lengths for maximum recovery
'o -,. and specified mass flow ratio is available.

, ,, , Also, bleed and bypass sizing for maximum
recovery can be determined. Auxiliary inlets can

c ...OA. be sized for a specified recovery (trading
'Ist•-.-A .a. C, auxiliary inlet mass flow ratio for reduced cowl

4 lip losses). At off-design conditions, variable
geometry ramp sched,'les or translating spike
positions can b- determined for a desired mass
2flow ratio and an assumed throat Mach number of

0,7. This Is done by varying compression ramp
2I* I I, I , angles for 2-D inlets or translating the spike

o .002 0.024 aDo Mwa 221 0.012 for axisymmetric Inlets while checking for
JmNLtIjT * A, undesirable shock-shock intersections and/or
J ---"W smb detached oblique shocks.

lip Is capable of using schedulcd or variable
FIG 3.1a SUBSONIC CRUISE PERFORMANCE (REi3.1) 'geometry and engine mass flow as functions of

Mach number and angle-of-incidence. This option
A number of different Intake installation is used for continuous calculation of inlet
prediction programs exist In Industry but tend to performance throughout a '.2 ',ie flight envelope.
be guarded rather closely. The Level I1 Inlet
Installation Program (liP) analysis sumarized
here and described more at length in kof.3.2 Is
similar In concept to other methods but is not
tied to any particular organisation's peoprietory
data. It was developed for the USAF by Gru..an
Aerospace Corporation primarily to predict the
performance of well-defined existing intakes and
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2.32 CR ALIzEn INLT MODEL AND CALCULATION subsonic surface bleed or bypass mass flow does
PROCEDURES change with engine mass flow. Bleed and bypass

drag is determined using momentum conservation

lip models six basic elements of any inlet: 1) (taking loss factors into account) plus a
compression system, 2) cowl lip, 3) subsonic component for pressure drag on exit doors
duct, 4) boundary layer removal systems, 5) protruding into the freestream, Cowl lip losses
bypass system, and 6) auxiliary inlet system. are based on empirical correlations that depend
Nigure 3.lb shows these basic elements in terms on a fairly detailed description of the lip
of parametric influence, geometry. Subsonic duct friction losses are

based on an average friction factor and the

The procedure for estimating inlet performance throat dynamic head. Duct divergence and offset

involves first •alculating all portions of the losses are determined from empirical
supersonic flowfield up to the normal shock. The correlations. Spillage drag, which Is the sum of
flowfield results are then output since the pre-entry drag and cowl lip drag, is based on the
supersonic flow is not affected by engine previously mentioned reference condition. This
operating condlItions. The procedure then reference condition is specified as an engine

calculates an independent engine operating mass flow ratio. The pre-entry drag is
parameter. 'or pitot and external compression calculated by a simple pressure-area integration
inlets, the Lhroat Mach number is treated as the of the spilled streamtube. Cowl lip drag effects
independelt parameter and governs all subsonic are calculated using the same empirical data for

cowl lip losses in conjunction with transonic"similarity theory.
Figure 3.2 shows a schemat ic of these

% .calculation procedures.

FIG 3.1b lIP BASIC ELEMENTS (REF 3.2)

portions or the flowfield. Geometry Is defined I.-
such that throat Mach number may start at a I
choked condition (Mach I) and be Incrementally .--, ,....

decreased, with Intake performance clculated and
printed out at each increment. As throat Mach

number is reduced below 1.0, the resulting normal
shock moves upstream from the cowl lip onto the F *5MTSIS

compression surface(s) until a slipline ingestion r ...... ,,,

(and onset of buzz, see Section 2 of Chapter I)
is detected. At this point the calculation
terminates. For mixed compression Intakes,
nurmal shock position Is the independent __-

parameter since the throat Is still supersonic

and does not change with engine operation. All 8 5L

downstream subsonic flowfields ore dependent on "
this position. The normal shock is initfally PT

positioned at one third of the diffuser length or • T.

at the downstream end of a diffuser bleed section L . . M <

If there is one. It is then moved incrementally MFR

toward the throat until the verge of 'unstart',
at which point the calculation proceeds as for
external co.npression intakes. In this way, total
pressure recovery and drag are predicttd for a __

range of engine operating conditions.

Specific prediction methods are described below.
For subsonic operation, 1-V Isentropic flow Is MFR

assumed up to the cowl lip with a linear FIG 3 COMPUTATIONAL FLOW DIAGRAM (REF3.2
vartation of static pressure on the external
compression surfaces. For 2-D supersonic flow,

oblique shock thenry Is used. For axisymmetric

supersonic flow, an approximate empirical

analysis involvhng equivalent conical wedges Is 2.3-3 SPECIFIC EXPERIENCE WITH THE LEVEL II INLET

used. Internal supersonic flow ýs calculated INSTALLATION PROGRAM UiP)

using an equivalent 2-D converging passage. Mass

flows for bleed and bypass subsystems are rhe lIP Program is used by a number of USAF

determl~ned by the difference in local surface organizations to analyse potential or existing

pressure and ambient back pressure with assumed intake configurationa. Three examples are given
internal Ios& factors. Supersonic surface bleed here to provide an Indication of Its accuracy and

Is inaffected by thu Independent parameter, but show Its use in evaluation.
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fell off at higher angles. Transonic comparisons
were excellent, except at -5 logrees where liP
probably underestimated the severity of
separation at the intake sideplate leading edges.

MACHi - 2.5

L EIVEL I
a - TRILDR-MATE

Pý W LPHA.-. ALPHA - 0.0
OWNS

FIG 3.3a SIDE-MOUNTED INLET CONFIGURATION .. . ,
AND INSTRUMENTATION (REF3W4) *1o PI 0 - . PHR - .O-

The first example, intake data from project
Tailor-Mate (Ref 3.3) were used to evaluate the
method's ability to predict total pressure C'-
recovery over a range of Mach numbers and pitch
angles. The Tailor-Mate A-1 intake (Fig 3.3a Ref
3.4) Is a two-dimensional external compression, d-,
side-mounted, overhead ramp configuration ,a 0.0 0'.5 00.0 00° 00

designed for a Mach 2.5 fighter. The intake has
three variable compression ramps, porous ramp - PPw-0. ~w-2.
bleed, throat slot bleed/bypass, and a subsonic
diffuser with both vertical and horizontal ,_..,

offset. The intake was tested from Mach 0.9 to I.
2.5 and angles-of-incidence between -5 and 20 %' * o-

degrees. Test data Included engine face total
pressure recovery and all subsystem mass flow
ratios. Unfortunately, no drag data were taken ,' .000.bJT00 0 0000 000.0

to compare with lip output. Several problems W
were encountered In modelling the A-I geometry. t

First, sideplate porous bleed was incorporated In
the A-1 test model but no provisions for
sideplate bleed are available in liP. Second, MACH 0.9
liP assumes duct geometry as shown In Figure LEGEND
3.3b. :LEVEL II

0 TRILDR-Mltr

AP --5.0 , APHA - 0.0

lilt MR 1A0DILY "IQ 'sI . Low LoF Lop II *. 0 "OT

pONOOT T
t 

•& TOLaos,@•

FIG 3.3b 11P DUCT GEOMETRY (REF 3.2) e'o

Offset can be input for one direction only for a
constant area duct section. All diffusion Is
assumed to take place In straht sections 00 . 0.0 000
upstream and downstream of the offset section, 0 MI 150

The A-i duct, however, has offset in two i -t

directions and has continuously varying area o ••-1. L•-2.

(which Is typical of advanced fighter
configurations). The approach taken was to Input

a similar offset to length ratio into liP using •

the total diagonal offset distance of the A-1
diffuser. Third, the throat area as calculated
by O ip (not b direct input) was always smaller
than the A-1 data Indicated. The predicted i

throat Mach numbers for a given engine mass flow Alo'N .6 - 1 W 40

were generally higher than A-1 measured throat
Mach numberst Several a ample data comparisons
sre shoam In Figudo re o teofe t sedicted FIG 3.0 SAMPLE 1P COMPARISONS (REF 3.3)

reasonably weln at moderate anglys-of-Incidence
despite the geometrlc dscrepsancies, but accuracy

thotMc ubrTo _ienegn asfo -0N~s
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Next, several advanced short-take-off/vertical- can however become tedfout. due to the number of
landing (ASTOVL) configurations were analysed In responses required and If the information asked
support of an international project (Ref 3.5). for Is not available, the process must be
The Intakes for all four configurations were prematurely terminated.
designed for Mach 1.8 cruise: two employed a
single fixed compression ramp, and two were Several enhancements would rake a program like
simple piltot Intakes. All of the configurations liP more usable as a design tool. The unfamiliar
Involved some degree or shaping for reduced radar user would be helped by 'menu' driven Input
signature, such that the intake apertures were sessions. Graphical aids would be invaluable in
three-dimensional. Since lIP cannot model such defining parameters so that referral to a printer
feature differences, the approach taken was to manual is not required. Also, graphical display
maintain the correct intake capture area, throat of the output would help the user Interpret the
area, and compression ramp angles for an results of change of his design parametets.
equivalent 2-D intake. Recovery comparisons were
generally very good for all the configurations, Improvements of the method would be necessary to
giving a reasonable degree of confidence in the increase the application to more advanced
contractors' quoted performance. Spillage drag designs. The ability to determine the effects of
comparisons were not as promising, however. 3-D apertures (to first order at least) and
Trends with Mach number compared well, but highly offset subsonic diffusers on recovery and
absolute drag levels were different by as much as flow capture is desired. Sufficient data exists
fifty percent. USAF experience with liP suggests to develop empirical correlations for these
that its cowl lip drag predictions are concepts. Their Inclusion would make lip
particularly sensitive to the input lip geometry, applicable to highly survivable aircraft designs.
requiring a high degree of detail. However, The current maximum Mach number limit of lip
engineering sketches rarely give the level of limits the use of the mixed compression programs,
detail required to discern this geometry and it Lut extending the empirical correlations up to
must therefore be approximated. Also, the Intake Mach No. 4 or 6 would allow application to many
drag Is highly dependent on the degree of evolving high speed Pircraft.
intake--airframe integration. This effect also

cannot be modelled by lip since it assumes an
isolated intake. The combined effect of these
limitations is to reduce confidence in predicted
drag levels.

Finally, lip was employed recently to help
analyse an advanced supercrulse fighter
forebody/intake test model. The lIP analysis References:
Indicated possible problems with oblique shock
detachment and the boundary layer removal system, 3.1. Surber, L.E. & Robinson, C.P. Survey of
which after further detailed analysis resulted In Inlet Development for Supersonic Tactical
test model modifications. Aircraft AIAA 83-1164 June 1983

2.3.4 CONCLUSIONS AND RECOMMENDATIONS

3.2. Tindell, R., and Tamplin, G., "An Inlet

The LEVEL It Inlet Installation Program (lIP) has System Installed Performance Prediction
been developed for fast, accurate analysis of Program Using Simplified Modelling", AIAA
Intake designs. It is also capable of limited 83-0567, June 1983.
design and optimisation options, particularly for
off-design operation. It has been used by a
number of USAF agencies and is similar In concept 3.3 Numbers, K., "LEVEIII Inlet Installation
and methods to US industry programs developed for Program Validation Results", AFWAL/FIMM
preliminary intake design. The liP total Memo, September !986.
pressure recovery prediction accuracy is
considered relatively good. The drag prediction 3.4. Surber, Lewis E., "Effect of Forebody Shape
accuracy must be taken with caution, however, and Shielding Technique on 2-O Supersonic
because of the sensitivity to input data and the Inlet Performance". AIAA Paper No 75-1183.
integration aspects. The format of the output
information is considered excellent. An entIre 3.5. Bowers, D.. Hart, B., and Numbers, K.,
intake performance envelope can he obtained in a "Propulsion Integration Normalisation
matter of hours. The Interactive input sessions Team Report', AFWAL/FIMM Memo, May 1989.
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2.4 INTAKE DESIiN & PERFO&MANCE FOR
SUPESONIC CRUISEIIIPERSONICW

TURBOJET

2.4.1 FINDING A MISSION FOR HIGH SPEED (Wi

2.4.2 INTAKES FOR MACH NUMBER 2 ro 3+ CRUISE -

2.4.2.1 Characteristics of Intake design TURBOJET WITH AFTERBURNER

2.4.2.2 Intake technology in current Mach 2-3+ W

aircraft

2.4.3 MACH HNUMER 4-6 INTAKES
2.4.3.1 Requisite technologies RAMJET

FIG 4.1 REPUBLIC XF-103 & POWERPLANT
2.4.3.2 Specific applications

2.4.4 MACN NUMBER 6+ TO 8 AIR INTAKES FOR In the US, other forerunners of high Mach number
FIRST STAGE ACCELERATORS technology can be seen in thL B-70 and in two

Century series interceptor designs, the F-103

2.4.5 AIR IVrAKES FOR SCRAMJ.Ir PROPULSION (Fig 4.1) and F-l1g (Fig 4.2). All these
MACH NUNBER 8 TO 25+ concepts employed efficient two-dimensional mixedcompression intakes; but whereas the B-70 andREFERENCES F-lO were turbojet powered, the F-103 was

2.4.1 FINDING A MISSION FOR HIGH SPEED designed for a dual mode turbojet/ramjetpropulsion system. Engineers and scientists

There was, for many years, a natural trend toward !nvolved in research and development in the 1960s
higher speed for almost all types of aircraft, continued beyond Mach 3 to investigate ramjet
but there seems to have been a more or less propulsion integration Into the high supersonic
natural Mach number ceiling for particular and hypersonik regimes. The air intake was seen
functions/missions. In fighter aircraft this to be a key factor In this development; therefore
Mach number cut off point appears to be In the considerable attention was given to efficient
2.0 to 2.5 zit;:Ze. Supersonic strike/bomber diffusion of propulsion streams over a wide rungo
concepts have been explored for many years, but of speeds.
subsonic sea level flight remains the preferred
mode of penetration. Intercept/reconnaissance
missions have consistently excited interest In
high speed and in fact have provided the
motivation for the Mfg-25 (interceptor) and SR-71
(reconnaissance) aircraft, the best examples of
high speed (Mach 3+) air intake technology
available. Most commercial aircraft operate In
the high subsonic regime, but the Anglo-French
Concorde and Soviet TU144, have demonstrated the
general technology necessary to cruise at Mach 2.

FIG 4.2 NORTH AMERICAN XF 108
The earliest work above Mach 3 concentrated on
air intakes for subsonic combustion ranjets, but
when exploration of ever higher speeds reached
about Mach 8, the potential for ramjet effective
specific Impulse was dropping rapidly (Fig 4.3).
This observatIon broushs consideration of
supersonic combust Ion to the forefront andMODES OF OPERATION OF MX-1787 COMBINED originated the Idea in the US for an aerospace

TURBOJET-RAMJET POWER PLANT plane. A number of different concepts for such a
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vehicle were explored in the early 1960's, all d. 8-25
making use of scramjet propulsion above about
Mach 6-8. Unfortunately, the magnitude of o 8-12 Reconnaissance, fast-response
propulsion technology barriers, resistance from global interdiction aircraft

the rocket community and the more furiediate needs o 12-25 Air breathing single-stare-to-orbit

for propulsion integration at lower speeds pulled (SSTO) vehicle

attention away from hypersonics. There was a It should be noted that the value of these
strong tendency to concentra,e resources on possible flight vehicles does not hinge on the

transonic/supersonic intakes as opposed to very anticipation of a future major power conflict.

high speed flight. Any high atitude supersonic Some of them, however, suggest the need for

system that could be conceived was perceived as continuing allied power vigilance and the
vulnerable to projected defenses, recognition that there will continue to be global

"hot spots" which could require high speed
_ . intervention (Ref 4.1). Inherent in these

technologies is the potential for civilian
application. Interest has been revived in high
speed atmospheric flight, and the challenges for

high-speed air intakes are substantial,
increasing in difficulty as Mach number

_10.t1150"C inso LAMM Increases. While there are many overlapping
]1' '0 requirements for Intake technology across these

dlregions, several key factors can be considered.
The balance of this section will deal with

2M AeuMONC VskHP.,oLprogress In technology and requirements for
, ~ future solutions.

24.2 INTAKES FOR MACH 2 to 3+ CRUISE

Iao, 2.42.1 Characteristics of Intake Desitn

Air intakes designed for supersonic cruise have
different priorities to those designed for

lb l• 20 supersonic dash flight. In regard to dash
POACHUNROU aircraft, Intake designs such as those used on

FG 4.3 F-15 and Tornado provide relatively high pressure
recovery and low flow distortion, even during

SPELIFIC IMPULSE OF HYDROGEN-FUELLED combat manoeuvres. T5ey place relatively less
ENGINES emphasis on :ow drag. Supersonic cruise aircraft

on the other hand, spend the major portion of

When mission analysts began to look beyond Mach 3 their time at or near a supersonic design point;
significant levels of Interest in high speed consequently their intakes require reduced cowl
flight reemerged. In the US interest in high lip thickness, more efficient boundary layer
speed flight came about in the resurrection of bleed and relatively sophisticated bypass systems
the single-stage-to-orbit airbreathing aircraft to provide a precise mass flow match between
concept. The National Aero-Space Plane (NASP), Intake and enine and stable operation. Intake

makes use of a dual-mode ramjet/scramjet engine bleed flow In particular must be exhausted
to achieve near orbital velocities. A related efficiently to minimize potential drag
mission would be the so-called "orient express," contributions. As supersonic cruise takes place
a hypersonic passenger aircraft which would at higher and higher Mach numbers, the importance
provide quick trans-Pacific transport. The work grows of reducing contributions to bleed, bypass
on NASP, then, led naturally to examination of and spillage drag and the need to reduce cowl

other intermediate speed applicotions, both as drag leads to the use of mixed compression. The
new missions and as alternatives to NASP. technology currently available to accomplish

Starting from the lower end of this Mach 4 to 25 these tasks can best be illustrated by their
regime, mission analysts were able to see utility Implementation on current aircraft and in the
for systems operating frcm Mach 4 to 6 for design of advanced supersonic crutsv aircrrft.
intercept, reconnaissance or interdiction
purposes. Beyond that, in the Mach 6-8 range,

potential for a ramjet or rnamjet-poaered first 2"4.2,2 Intake Technoloev in Current Mach 2-3+
stage of a two-stage-to-orbit vehicle has been Aircraf

examined in a number of places, e.g., the Cerman
Sdnger vehicle. Also, suborbital Mach 8-12 The Concorde, operating at Mach 2.0, represents a

missions have been postulated which hold unique intake employed at the lower edge of the
considerable promise In terms of both reaction supercruise range (Ref 4.3). The Concorde
t'me and survivability (Ref 4.1 & 2). designers were able to employ a low drag external

Thus, the possibility of high :;peed flight has compression design (Fig 4.4). This intake, as can

been revived, and with It, the need for high Wing 4ecthon
speed air Intakes. Several distinct areas of ivrlor
interest ran be identif'led- .. . . . . . .

• Second ramp Bleed
S• vari~ablo) chamber

Max Mach
numbeE~r_ Eilt;tl Ainl icat Ions .-fBleed

a. 2-3+ High speed civil transport (HSCT) Auxiiary it
b. 4-6 Trantport L*Avion I Grande Vitesse

(•GY), Interc*pt, Reconnaissance &
'nterdlction aircraft

c. 6-8 First stage of two-stage-to-orbit or
vehicle (Singer) or part of a

raiejt/rocket single-stage-to-orbit FIG 4.4
(Hritish Netol) concept AERODYNAMIC FEATURES OF CONCORDE INTAKE



25

be seen from the Figure, is basically a d. Distributed centerbody spike and cowl bleed
three-shock design, but adds some isentropic plus a spike shoulder scoop bleed for
compression on the second ramp and operates boundary layer and shock wave boundary layer
between a complex field of expansions/shocks interaction control (Fig 4.5b). An intricate
internally near the ramp bleed gap, and the control system blended these variable
standard normal shock at intake entry. By geometry features and an automatic vortex
allowing a small amount of duct contraction aft valve (Fig 

4
.5c) to solve problems with:

of the entry plane the external cowl angle is
kept to a minimum consistent with shock o Takeoff/landlng performance
attachment at the lip and a self starting Intake. o Takeoff noise abatement
The wide bleed slot behind the compression ramp
allows a free shear layer to accommodate changes
in mass flow. It automatically adjusts the bleed
slot streamline and the amount of flow removal
required for flow matching. From a purely ,.o., ''
mechanical point of view, the Concorde intake Is II~1IN~
a model of simplicity. It uses a variable second .' I_ /j0
compression ramp and an auxiliary intake (for
takeoff) combined with a dump door for over-board
bypass. Transient controls activate the dump
door which is made easier due to the fact that
the inlet operates stably from supercritical to

subcritical conditions. Its advantage is seen In
the combination of simplicity and reliability
with performance adequate for Mach 2.0 operation.. " J
With this type of design (ie without mixed f
internal/external compression) at higher Mach
numbers it would be difficult to maintain high
total pressure without unacceptable increases in -
drag and bleed flow quantity. ..

Altho- 6 h in the US a prototype supersonic FIG 4.Sa INTAKE GEOMETRY
transport was never built, Its air intake was one
of the more fully developed designs in the" "'='

history of US research and development.
Variations on its axisymmetric mixed compression
design continued In NASA for several years after
abandonment of the SST itself, exploring mixed
compression ranging from 40% to 60% Internal
contraction, developing highly efficient boundary
layer control and refining means of achieving - - 1......

Inlet stability. Tjonneland outlined some of the
chief design characteristics of the Boeing SST
intake design In Ref.4.4 as it applied to the
Mach 2.7 commercial cruise vehicle (Fig.4.5a).
This reference points out that in the development
of the Intake design, a number of improvements In
intake design were required, especially in the FIG 4.5b BOUNDARY LAYER BLEED SYSTEM
areas of boundary layer prediction and control,
intak, stability and Intake/engine airflow VORTEX VALVE
matching, It noted that, even with optimistic OmmWLI / W0,

pressure recovery and bleed estimates, an SST THROATSLOT O-00WLI 004Wlr
with a 3500 mile range would experience cruise -•--- - 0.0 AN ENTIAL FLOW

rn,,ge loss in exces:; of 12% due to total pressure UPERtONIC SUSONIC

losses and bleed drags alone. As a consequence, CCNTEeODY
It was necessary to set very high performance and 1% SUPENCeITICAL NORMAL SHOCK
stability objectives for the intake. For
example, the 'started' intake at Mach 2.65 0".0Wtm "0t4WLIp

operated at a pressure recovery of 91% and was 0 Q iGINTIAL FLOW

designed to accept a step reduction of 5% in SUPERSONIC S B TO--
engine corrected airflow without controller ----- CRITICAL
action and remain 'started'. Similarly, NORMAL SHOCK
operating on-design, the Inlet was not to PRIMARY FLO

'unstart' when experiencing a Mach number TANGENTIAL
reduction up to 0.05. The overall system was 0 ' ._ FLOW

matched so that no overboard bypass was required sxovteo~eo COMPNESOR
for matching during normal climb and cruise -My FACE STATION
oporat ion. The complex Boeing design FLO /
incorporated: "eo._aO

THROAT 0 /
SLOT 0

a. A translating spike for matching and bleed o
opt imizat ion"t0

b. Four throat doors to obtain flow area TANGENTIAL FLOW
variation needed from take-off to transonic
condlitions. FIG 4.5c VORTEX VALVE SCHEMATIC

c. Four overboard bypasa doors (which In turn FIG 4.5 BOEING SST INTAKE
incorporated suck-In doors) to spill excess
airflow during descent or other conditions
involving an inoperative enghti.
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"o Stable supersonic "started" operation It would have seemed incredible 25 years ago to
"o Intake tuzz suppression predict that the YF-12/SR-71 would persist as the

" oOpt imizing supersonic diffuser/bleed system state-*of.-tht-art for Mach 3+ manned cruise
operation flight, but even a,- it retired, it was the

"o Minimization of bleed drag reignin-3 example of highi supersonic cruise. A
"o Normal shock system stability number of reports on this aircrift's intakes

(e.g., Ref 4.8-13) offer Insight to the flylng

Even recent reports on NASA's Investigation of an Mach 3+ cruise state-*of-the-art for induction

advanced SST (Ref 4.5) feature a similar intake systems. This Mach 3+ axisymmetric mixed
design, but operating with advanced higher compre~.aion intal.e operqtes essentially as an
temperature variable cycle engines. The intake Isolated Intake, only a slight downward cant and

could employ on expanding centerbody compression toe-in being provided to align the Intake with

surface for noise reduction features such as the foreboody flow field (Fig 4.8). The

intake choking during landing or takeoff to block
noise from propagating outside the Intakc (R~ef
4.6). Similarly, updated versions of t he
Concorde (Ref 4.7) hiave been suggested (Fig 4.6).
The ATSF (Avion De Transport Supersonique du
Futur) would operate in the Mach 2.4 to 2.5
regime, possibly with a variable cycle engine
which would operate as a turbofan at take off ____

and as a turbojet for supersonic cruise, theJa
"flow multiplier" fan being driven by a secondary..
turbine for takeoff and subsonic cruise (Fig
4.7). With such a flight vehicle, crucial needs
Include a 'smart" control system, a high

efficiency intake and careful integration of all
aspects of engine and airframe design from the FIG b.8 LOCKHEED SR-71A
outset of development, compression spike translates for off-design

spillage operation and to provide Iniet 'restart'

CONCORDEcapability. Its bleed regions for boundary layer
control and shock stability are located on both

the spike arid cowl. Spike bleed Is by means of a
series of surface slots. Cowl bleed uses I
combination of flush slots and a ram scool:
referred to as the shock trap (Fig 4.9). The

INLET DETAILS

32 SHOCK Ito ECTOR

FORWARD BYPASS ITRAP TUEtS M Z.E IFLIASTI

SeOCK TRAP V ATVEeSL

C sLNE O T S (FULL SCALE)

FULL SCALE 1NLtTS BYPASS

8 SHOCKE III AITRAP TeUBESUN F~
NIMABLE

I/3 SCALE INLET

FIG 4.9 DETAILS OF THE SR-71A FULL SCALE
-- - AND 1/3 SCALE INLET SYSTEM

FIG 4.6 COMPARISON OF UAV ION DE TKANSPORT YF-12/SR-71 Intake system has two bypitss systems,
SUPERSONIOIE DU3 FLITUR &. CONCORDE using the forward bypass to position the normal

shock and to dump large .amounts of flow during a

saw.tee~ww. restart' cycle. The aft system provides for
c- ,,, . some engine cooling, but Is also used for engine

inlet control developed later was able to
____ attenuate disturbance induced shock excursions

for frequencies of about lhertz and below.

tEN 558(0Y BtEBO SUCX5-0SORAEN

E.EVIORFLAPSC.E5EO

C_ .. C_~ C,- ICe. O_. CA t(0S. outo PJSuEs CE51158(0DY 011EE

ca t 0,. 0-e CT. Oe 0- 0T" 5,lA N A" (050I aBftS$Ot~OF4UOSD 55511555 Vt5OM1.54

MOA4 FB*Am TO 10505505 &NOCK

FIG 4.10 AIR FLOW PATTERNS -STATIC AIRCRAFT (TOP)
FIG 4 7 SNECHA VARIABLE CYCLE EN6INE -HIGH SPEED (BOTTOM)
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Development of the SR-71 inlet during itslifetime has dealt largely with terminal shock situation creates an acceleration problem because

lifetime baaodealn with tthe Inlet sized for maximum Mach number is unable
stbility problems. Solutions working with to pass the capture area stteamtube at transonic
existing flight vehicle actuation hardware met
with some success, but other systems which would and low supersonic flight conditions. Coupling

require more drasd[c inlet modification showed this situation with reduced engine demand at the
excellen. promise. In one case (Ref 4.10)) a lower Macih numbers requires spillage bypass of up

YF-12 aircraft inlet modified to provide a porous to 9go of the approaching capture area streamtube
cowl-bleed region just upstream of the intake's (Fig 4.14). Getting rid of the excess air, in

shock trap and bleed flow was controlled by turn produces high spillage and bypass drags.

relief-type mechanical valves (Fig 4.11), Consequently a critical need is identified for

designed F.ir high Mah number (Mach 3+) flight. Mach 4 to 6 intakes which exhibit low off-design
""drag. On the other hand, the requirement to

maximize total pressure recovery (as with a Mach
4" A,-" 3 turbojet) is relaxed in a high Mach number

S-/.-- environment where a ramjet is either intluded
--T with the turhr, jet or takes over completely.

/Cuerent Intel wply (Tmasid)

Conte e inesos demand
-. - - - - -___ . ---- - - - - --- --5

Law twarnis 1A- inlet eaeaity

FIG 4.11 YF~-12 INLET WITH STABILITY SYSTEM 0 .sinn.is..o.m
The valves provided their own reference pressure u 2 3 4 S

and, hence, did not respond to the slow response

perturbations handled by the inlet's control FIG 4.14 COMPARISON OF IN:CT SUPPLY &
system. Such a system was shown to be able to ENGINE DEMAND Mo6 vs CURRENT
absorb diffuser-exit airflow disturbances thatPR ULINSSE
are Too fast for the inlet's production controlPR ULINSSE

system. If the SR-71 were being developed today,
it appears that the level of technology would be A number of design issues can be identified for

adequate to tacilitate synthesis of a mare stable air in~akes operating in the Mach 4 to 6 range.

intake. In the supersonic diffuser the compression ramps

are designed not only as to number and length of
ramps, but also whether to use hinged ramps

,2.,4,3 MACHl 4 - 6 INTAKES exclusively or include flexible ramp(s) to

2 . 3 1 e q i s t T c h o l easp p r ox i m a t e i s e n t r o p ic c o m p r e s s io n . V a r ia b le

2.•43.1 euuslteTecnoloiesgeometry also helps to provide efficient

transonic spillage. An efficient .. ",ndary layer
For the most part, the difficulties of designing control system for compression ramp(s) and

inta
t
" at Mach 3 continue into the Mach 4 to 6 sidewalls is designed not only to maximize

r'gime, but with revised priorIties. Major pressure recovery, but also to m~aximize total

changes in emphasis stem from the off-design flow system performance with absolute reliability.

matchi,,g problem and from the utilization of a Intake throat dest,•n for these applications

combined cycle turtut-ramjet engine (Fig 4.12). considers the effect of throat Mach number on

performance and stability and It provides for

01 - normal

0s ••.• ... o [ nrmlshock position control, whether by bleed,

....1__ -- 0. 5 0 .. m ano d, , o

I, j+• shock trap mechanism or other device. Design of

- forebody boundary layer - whether to divert,

,::[bleed or ingest some or all of it. Because..of

te high pressures and temperatures in the

The, vals pntake, mechanical design takes on incre as ed

p t i l' s o o importance for accurately controlF led actuation,

System Suh a sstem was sfor sealing of ramps against leakage and for

b subsystems. Even the subsonic diffuser design is

critical. Care must be taken to mainiainFIG 4.12 COMPARISON OF INLET DRAG COMPONENTS attached flow with the high area ratios

associated with maximum M7ach number, (a) to

Maximum Mach number propulsion flow requirements provide for smooth transition from turboJet to

produce a large intake capture area reinave to r smjet operation, (b) to use the ramjet duct

other aircraft dilmensions (Fig 4.13). This appropriately for bypass in low speed (transonic)
flight and (c) to assure adequate difflser wall

cool ing.

:2_i'•• / "\ ••The foregoing deals with air intake design as a
component, but in this Mach 4 to 6 regime the

M AC H 4 --- -- --- -inte g rati on o f a ir I n tak e w ith th i a irfram e takes

trat on increased import ance. As eean t loned

For.the mostpar t, previously, the Intake size at higher Mach

nuabera Increases with respect to the rest of the

changes4 ~ aircraft. This forces the vehicle designer to
cmie uce tt( consider utilieing part of the airfrace as inlet

FIG 4.13 SIZE OF CAPTURE AREA n INFLUENCE OF compteaion surface, thereby effectively reducing

PROPULSION SYSTEM GROWTH WITH SPEED airframe wave drag and, potentially, wetted ares.

a t

for--d bonaylyr -wehrt-iet
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:flrfrirse wave drag and, potentially, wetted area. boiundary layer; are quite different In height and

Air intake design - as well as the entire shape and can fill a significant portion of the

propulsion system - minst be accomplished intake (Fig 4.16). The differences were seen to

integrally with the flight vehicle from the be determined by parameters such as forebody

outset of preliminary design. transverse curvature, transverse static pressure

gradient and the degree of Isolation of the

L.4,3,2 Specific Aoolicatitons forebody compression from crossflow influence.

Intakes may not var' greatly in general With this potential Influence of forebody

appearance, but still provide dramatically boundary layer development In mind, a specific

diffetent en 3 ine flow conditions. Reference 4.14 study of Macih 4 to 6 airframe - propulsion system

Indicates that the fuselage forebody boundary integration is .onsidered (Ref 4.15). This

layer will be turbulent, and could be ingested at investigation found intakes with low boundary
least partially by the intake in an integrated layer bleed requirements and good

configuration. it notes the potential for angle-of-incidence characteristics to be highly
improved aircraft performance from forebody desirable. Such attributes were found to permit

precompression and offers experimental data from efficient engine operatfon including manoeuvre at
four different compression surfaces at Mach 6.0 hypersonic speeds. If, as in many applications,
to show potential differences in boundary layer a hypersunic manoeuvring requirement sizes the

progression (Fig 4.15). The four developed intake capture area, this study showed it
possible to achieve a 20% to 50% reduction in
intake capture area by ,tsing horizontal ramp

intakes or shielded Intakes (Fig 4.17). In this

case, airframe Integration of the intake has been
used effectively to reduce flow spillage

requirements. Also, if done properly integration
can lead to reduced vehicle weight, fuselage wave

and viscous drags (Fig 4.18). On the other hand,

THRUST SLS 134 89 KN EACH
Assp:1897.'ItCS

Z[ Ano.. L 24•80 .'/ENG

1.2 a. tuyor s O.a O TE INTAKES

IV

1.0 i

BOUNDARY .8 .CRUISE 20-
LAYER THRUST 304895K EACH

HEIGHT .6 -Acop 1 659 ,m ENG"

- --..-.- Anozzle i 344mt/ENG
INLET
HEIGHT

U~ L

0 4 G 12 1610,910 b. EL5C-V.~. HIOHLY lNtE.3RATED

FIG 4.15 SCRAMJET INLET VISCOUS EFFECTS FIG 4.17 MACH 6 RECONNAISSANCE AIRCRAFT

a+.0 =4' UH* M *IIO AEDA

5 CHAtS AEEARLIMINARtO

1' .........
SA-ECA-RIGIJRE5 FLOw OAST 9D

wWAVE DRAG

F IG 4 .16 FI "RI "
BOUNDARY-LAYER SHAPES FOR TWO ANGLES OF
INCIDENCE & FOUR FUSELAGE SHAPES, SCRAMJET FIG 4.18
ENGINE OF HEIGHT h AT THE ENGINE INLET STATION PERFORMANCE BENEFITS DUE TO INTEGRATION
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thfe Study warns t ha t non-opt Imum structural

designs can actuafly Increase weight in judlging from the results of Investigations ard

Integrated concepts and that high drag boundary developments over the past hiirty years sisice

layer diverters may be required. In this design !Aacit 4 ic, 6 pr,,pulslon Integrat'.on work began Iii

task apiccirrl effort was extended to produce a earnest, there appears to loe little doubt that

compact mi.*(*! compression Intake .iesign which the foundation technology for manned Mach 4 to 6

oazpioyed isentropic compression In both ramp and air breathing flight exists. The question,

cowl, and internai shock cance~llation in thle rather, Is whether there Is sufficient militrary
stepport or 4iv~llan potential to pay for the

/'*-.. u~,,development and flig'tt test of such a system,

~ 24.4 MACH 6+ To 8 AIR INTAKEL V.~P. FIRST STAGE
ACCELFRATORS

Ibis .pplication Is represented most notably by

I Germany's Shnger Vehicle, but numerous versions

/ of thitIs alternative to the NASP-type

1 'tuu singie-stage-to-orblt have been generated, It

cz-.Z K' ~ '1offers lower risk In terms of propulsion system
~wo~5s. !Z..- development In general and, consequently, air

S intake technology. In the case of the S~nger,
the large first stage launch platform accelerates

FIG 4.19 to about Mach 6.8 powered by turbojet.-ramjet

MACI -I15 INLET DESICGN SHOCK STRUCTURE engines (Fig 4.21). At this poifnt It separates

throat rugion (Fig 4.19). Bleed on both ramp and 77

cowi sides of this shuck cancellation cornier it ,.
used to prevenit separation due to rho..k-

boindary layer Interaction. This bleed also

provides a measure of stabilit) by increasing
shrarpiy wish forward stovemeot of the shock. :

iL estimated that this type of inlet wouid

require only about 5% total bleeA, Including 1%
on each of the sidewails. The Idea behind this
is that any range decrement due to loss in total tlj ~(l~l i
pressure recovery would more than be made up by
the reductiun In bleed drag. Experience with the FIG 4.21 SANGER BLEN~DED BOOY/WING
conventional, mixed compression NASA LFRC Macb 5.0 CONFIGURATION
Inlet tsst demonstrates that high Mach number

inlets can demand ý- amounts of i-lecd flow to from thle smaller, top-mounted "llorus" second

produce stable, l.,* pe: 'OrMarCe operation. The stage which goes into orbit via a rocket (Ref

focused compression concept of the Ref 4.15 study 4.17). Another proposed system is Hotel, an

is inherently high In r:,. , but offers sizing and orbitail vehicie conceivedi ny rint sir Aerospace

blieed drag reductions .- rthy of furth-r ard Roils Royce (rig 4.22). While fiotol is not

expilorat Ion.

Aeror-patiale, as well as US rcý-cerns, have been
examining commercial Or~licat ions of Machi 4 to 6

f]ilght . The FýEnch version, L'Avion 'a Grande
Vitesse (ACV"- would cruise at Mach S.,((Fig 4.20).

FIG 4.22 HOTOL CONFIGURATION
FIG 4 3AEROSPATIALE HYPERSONIC.prs ,aL eice h i rahn

AIRCAFTCONCPTAGVpropulsion system operates only to abort Machr
Its designers wvere quoted (iReerence 4.16) as 5.0, at which point ascen~t continues no rocket

""bein C'iifillcrt that tbeyý posseSs the necessary power. Thus r.any of the air Intake requi rei..ýnts

theoretical and exporrimental bases required to are the saxie as for the Slinger, the primary

Intlilatf the design nf .,uch an aircraft. TheY differecice coming, apparentlty, frem tire secondary

cite experience withi rain-propulsion engines rise of the Hotol inlet during ascent to gather

(ramjet and rrrcroc'.et) iii missile work and air for production of liquid oxyg'n used lit Its

capabililty to de.al with iupersvrlc flight on a rocket prhase (Ref 4.18). Al r Intakes for this

large aircraft frotm Cxncordi: experience. This type of velricio would vary from tho-e of stre

would prerumably Include the ability to deal with previous svct ion Ini that , ais
air Intaki probiems, but based on rveoet US acceleraotrr-redlcatrrl components, tucy would 1101

experience t .-e re is a corns;derable iclap in he so heavily concernedr with bleedi drag niio

complexity of fnta!ýns frrm Mach 2.0 to Macis 5.0. design point perforrrance. They might therefore
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provide applIcatIoni, for the so-called oversped transition and development, factors that had been
Intake, (Fig 4.23) .omewht undersized for the insignificant at lower speeds would assume major
mnximum Moch number condition in order to reduce roles at hypersonic speeds. For Instance, rapid
spillage drag at the transonic condition. Mach 8 growth of high speed boundary layers effectively
is giver' as the upper Himit for this application changes surface rhape and "entropy swallowing'
with the assumption th.! it would be feasible to pulls energy from the stream that would otherwise

energize downstream boundary layeri. Wind tun.el
.verlfla':ion testing would be compromised by the
"fact that wall noise interferes with transition.
Inlet development and analysis is further

1ý complicated by the mignlficance of real gas
effects above about iach 10.

With this backgrcund, it is rppropriate to review
some recent intake technology developments and

FIG 4.23 OVERSPEO MIXED COMPRESS;ON UNIT notice the advancement of capability in the
relatively short period of time from 1987 to

consider osirg subsonic combustion ramjets to 1989. First, Ref 4.25 reports development on
th~s speed. ;n any c':e, avoiding the jump in Intake boundary layei' control at the lower Mach
tthnology requirement associated with scramJct numbers. This work presents Navier-Stokes
operation would have a strong Irfluence on the solutions for strong shock interactions, incident
maximum Ma'h number of staging or shifting to oh!ique shocks, compression corners and shock
rocket propulsion. exparnsions associated with high speed air intakes

(Fig 4.24). Also, it presents results of
Some valuable measuremerts on research type
axisyneetric t':akes or perturbations on
axisynmoetric iitaees in this %ach number range (5
to 8.5) we.-e done by NASA Langley in the 1970s

(R~efs 4.19-21).

2 4_1 AIRINTAKES FOr SITRAMJF.T PR,IPIJLSION MACHl 8
TO 254

A." indicated previously there are some mission
aifferences associated with various levels of
maximum scramjct powered flight Mach number.

Suborbital missions have been defined for the
Mach 8 to 12 regime, but the greatest attention
by far recently has been given to the development
of a single-stage-to-orbit flight vehicle using
dual mode (ramJet-scramjet) propulsion. In FIG 4.24 SHOCK INTERACTION FLOW FIELDS
generI1 the technology challenges are similar
across this regime, but obviously e.calate with tangential air injection to control
ýncreaslng Mach number. shockwave-boundary layer Interaiction in the Mach

3 to 5 region, show!rng the importance of proper
injector location in order to effect flow

Some of Jhe primary challenges of high Mach control. Another source (Ref 4.26) e;s'usses the
number vehicles were well defined in 1986 (kef application of a 3-10 Navier Stokes code to the
4.22). it was pointed out that in analysis of an Intake module where flow is
ramjet/scramjct-powered vehicles, intakes and compressed by swept, wedge-shaped sidewalls. The
exhaust nozzles would comprise the major part of combination of sidewall sweep and aft cowl
the entire vehicle so that intake performanc? placement in this fixed geometry design
would be directly related to forebody facilitates efficient spillate and good inlet
precompression. At the same time this inlet characteristics over a range of operating Mach
precompression creates a significant portion of numbers. Three wedge-shaped fuel injection

the vehicle's lift and pitching moment. Also, struts double as additional compression surfaces
Intake, airframe, combustor and exhaust nozzle to complete the diffusion process (Fig 4.25).
must be structurally integrated. While the
aIir frame and propulsion system are thus F, LU iAuCION SIRUIS
inextricably linked, the aerodynamic interface
varies with engine operating made, complicating I
the rcsponsibility for the design weight and
peo'formance. Ref 4.23 (1987) asserted that there ABUSIm
was sufficient knowledge to design and build

rocket-bosasted scramJet-powered missiles for Mach
3 to 7 operation, but that extension to orbital
speeds or Integration, with a vehicle that -__._
operate, from take-off would require *additional
development." This reference also mentioned the NOZL
role of CFD (computational fluid dynamics),
sa:.'ing that It was still in n formative stage and GROSSSCTRSIaa'RIGOR
lacked fundamental process data to validate a
number of the physical and chemical models being FIG 4.25 SCRAMJET ENGINE MODULE
used. Intake development, In particular, would AND •'s CROSS sEe[ION
be affected by the need to understand turbulence,

especlalli at supersonic end hypersonic flight Obviourly, the thrsnt flow Is highly ,omplex,
speeds, and to be able to predict its effect on experiencing side wail Interaction with strut
wall shear and heat transfer, boundary layer shocks and expansion waves, cowl shocks, end
separation/reattachmcnt, fuel injection and effect expansion waves and separation induced
mixing as well as chemical kinetics. Reference shockwaves. The author points to good agreemeait
4.24 (also in 1987) echoed these basic thoughts, ,t this complex analysis with experimental data
pointing out that, in the area of boundary layer in order to claim good ability to simulate the
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fr'm the observation in Ref 4.27 of very
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2.5 INTAKE IEcIlN & PERFORmANCE FOR AcILE starboard intake) occurs as tte intake ,iormeal shock
Th~kL.FIHTERS intersects the body boundary layer and the

S resulting separated flow may be Ingested into the

2.5.1 INTRODUCTION intake.
2.5.2 ISOLATED INTAKES
2.5.2.1 Internal flow

(a) Flow in the subsonic diffuser (
(b) Combination of Intake and

subsonic diffusers
2.5.2.2 External flow
2.5.2.3 Intakes with compression surfaces at

subsonic and supersonic speeds
2.5.3 INTAKE-A!RFRAME INTEGRATION
2.5.3.1 Fuselage flow fields for side mounted

inlets
2.5.3.2 Performance of a rectangular compression

surface :ntake on the side of a fuselage
2.5.3.3 Performance of half cone intakes on the

side of a fuselage
2.5.3.4 Performance of a pitot intake on Ina

side of a fuselage
2.5.3.5 Fuselage and wing flow fields for

shielded intake installations
2.5.3.6 Performance of shielded comp;-ession

surface intakes
(a) Rectingular intakes _____

(b) Half axisysmmetric intakes a
2.5.3.7 Comparlaon of performance of shielded

and unshielded rectangular and half
axisymmetric inle's

2.5.3.8 Performance of shieloed pitcst intakes
2.5.4 TECHNOLOGY IMPLEMENTATION IN CURRENT

AIRCRAFT
2.5.5 CONCLUDING REMARKS

2-.1) INTRODUCTiO__

The design of Intakes for high perforiance over the
range of conditions experienced by an agile/
strike-fighter aircraft is not simple. The
.!lifficult; in intake design Is trying to achieve
good efficiency, low drag, and high margins of
stability at all operating conditions together with
lIw w.fjht and cost. Compromises in all four
characteristics are usually made to maintain
ae.eptable performance levels at various flight (e) ---
Mach numbers, angles of incidence, sideslip and
power jetting. The limits of speed and attitude .
car, be highly variable depending on requirements
which become increasingly severe with the passage
of time, and, in particular, whether or not post
stall manoeuvring is :regarded as being necessary.
Typically, a Mach number range from zero to 2.0 or
3.0, a range of incidence (without post stall
manoeuvring capability) from -10" to +40", a
sideslip variation of 510' - 20' and a range of Other Intake positions may suffer more or iess

engine airflows from maximum to flight idling may severe rogions of flow separation. For any side
be required. Under these conditions, separated intake position there Is always. the possibility of

ingestion of a vortex shed from the bottom 'corner'
flow end complex shock and boundary layer of the body. If the intake is shieided from the
interactions at or downstream of the intake entry direct influence of aircraft incidence by
plane will be present over an .,ppreciable part of pit Itfunder ain or Iing r a
the flight envelope. positioning It under a wing or %Ing root strake

(Fig 5-1f) then the risk of ingestion of a
The major features of flow patterns around and 'trapped' region of thickened body boundary layer
inside an air intake installed on the side of a or a shed vortex from the bottom of the body is
body are shown in Figs 5-1a-h. At zero and small Increased.
incidence, internal lip separation can occur at
high engine airflows an'. low forward speed (Fig (f)_ M
5-1a). At high forward speed with an ingested
streamtube size smaller than the intake at all
engine flowa, separation can occur externally over
the cowl and In the 7re-entry boundary layer on the
approach surface to the intake (Fig 5-1b).
Separation may occur internally also, parttcularlf A dorsal position for the intake behind the cockpit
at high intake throat Mach number, If the duct canopy may have the advantage of lower aircraft
shape bends and/or diffuses too rapidly. At high radar signature (from ground based radar) and
incidence siparatlon occurs at the lower lfp reduced hot gas Ingestion for a VSTOL aircraft.
internally. Up-ash around the body will often However, it has the disadvantage of possible
lower the threshold of incidance at which this will ingestion of the canopy wake or a vortex from the
occur (Fig 5-1c). wing root or strake at sideslip and at supersonic
A similar situation occurs at yaw as depicted in speeds local Mach number in front of the intake
the port intake of Fig 5-1d. At supersonic speeds will be in excess of She free stream value (FIg
the well known lambda shock formation (Fig 5-le, 5-1g).
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ML¶Me Fox & Klilne (Ref 5-1) have defined boundaries of
flow states In two dimensional ducts. The lowest
boundary of 'first stall' defines an area in which
the flow is always attached except perhaps for
small separated flow areas near to the final area
A2. The next boundary of 'appreciable stall'
defines an area in which the flow experiences
transitory separation and the flow is no longer
steady at the engine face. Tindell in Ref 5-2 uses
an average wall slope and diffuser area ratio A2/AI
to relate more general diffuser shapes to Fox &

Kline's boundaries (Fig 5-3). Tindell also uses
the Himat and Grumman configurations as a basis for

The underbody position has undoubted advantages at the calculation (by a finite difference and by a
incidence at both subsonic and supersonic speeds panel method) of the onset of duct separation as
(Fig 5-1h). The onset of lip separation will be the basic geometry f these ducts is systematically
considerably delayed at subsonic speeds If the altered to vary area ratio and average slope of the
intake is well shielded by the body and at inboard wall.
supersonic speeds the reduced local Mach number
will Increase pressure recovery as Incidence is - - -
increa sed T- -. . . "T- l

(h)

A 0 '. 3 1LU A40 1-35 40 (77 1

!GRUM AN 1 05 0 30 0* 1 89

FIG 5.1(a)-(h) FLOW PATTERNS FOR BODY
MOUNTED INTAKES

TO understand and predict the performance of an All. . .0
Intake installed on an agile tactical fighter, it
is necessary to build up the performance from • SYMMETRICIKL:NE! • OF0ET
simpler component parts. In the next section,
first the characteristics of isolated pitot intakes PPRECIABLE STALL'
and then those with a compression surface are 30 -A I
examined. For isolated intakes, the build up is
illustrated from the duct alone, the duct plus the .0iR S0 STALL'
intake at zero Incidence and finally, the 20 GRUMMA0 N
combination at incidence. This is ther. followed in 091940
sect Ior. 5.3 by Illustrations of how the 10 A0- A

characteristics of an isolated intake and duct are 0 / 10 "0 AAVS-DESGEES
altered by their Integration with the flcw fields [NaIl-

aroond a body or body and wing combination.
THR0AT

2.5,2 ISOLATED INTAKE$

. 5.2.1 Internal flow 40 -APRECIAB. STALL"

(a, Fio In the su tso llc dsiffusers 30 1E00

Fig 5-2 illustrates ihe nasic duct loss due to skin 2001 AT CONFI iCOF1
friction on duct walls as measured in a duct wish a 20G" L OF AUN-CON0 FAMILY
bellmouth intake that is sucked to give P range of _(r
throat Mach number. The small duct total pressure 0 1 2 0loss of FIZ 5-2 Increases as (a) duct length Is FIG 5.3 v0F-otOtDEREES
Increased, (b) the duct becomes curved and changes
cross soctional shape. COMPARISON OF THEORETICALLY DERIVED FAMILIES

0 OoV/ L/oD OF VERGE-OF- SEPARATION CHARACTERISTICS WITHcoo L

3009107 ( Q• "0  " TRANSFORMED CORRELATION OF KLINE
PREISURl
LOSS 0 0,

With the advent of more advanced fighter designs,
t 05 tighter Integration of the engine into the. wlrframe

Apt sometimes requires highly offset diffusers (Fig
PIo 0051 5-4). New methods of avoiding or controlling

0/3 c •-- ~boundary layer separation are needed to achieve
aadequate performance. One of the most fundamental

0pproachos is to provide a favourable area0A2 , S distribition and centrelire offset shape. Ref 5-2

001 .,hows a study of these parameters. Three
centreline shapes were chosen consisting of: I)

03 / •- -- - modest turning, 2) rapid turning at the exit, and0 1 0.3 0"• 0" 0 ',5 0 08 M ACH NHOT
""0 tH oATO 3) rapid turning at the entrance (Fig 5-5). These

FIG 5.2 BASIC DUCT LOSS centrellne shapes were analysed in conjunction with



three are& distributions: 1) modest diffusion, 2) 
35H t0

high dIffusion at the exit, and 3) high diffusion 0 K
at the entrance. The 3 x 3 matrix was analysed 008 04 .58

using flow computation methods; results are shown
in Fig 5-6. obviously, slow turning with high TOTAL 0 07
diffusion at the entrance is more favourable in PRESSURE

terms of low boundary layer blockage and high total LOSS 006

pressure recovery. 0 05

Y11, n.6 Pt 0 04

00o

FIG 5.4 ADVANCED COMPACT DIFFUSER".
0

02 03 04. 05 06 0.7 08 M thTHROAT

O4NutR CF'ILAS 
MACH NO

'°I 'If' CEI.. . 4 FIG 5.7 BASIC DUCT LOSS FOR S BEND DUCT DUE
, , / f . .TO CHANGES IN FIRST BEND SHAPE

S O 'gradient between the walls can be reduced. Thus,
7Y 1. ,the extent of separation can also be reduced

without changing the average flow velocity.

°o os C

CII/k III ARA RATIQI. 1 7

FIG 5.5 DIFFUSER CENTRELINE/ I"..s
AREA DISTRIBUTION

IAOELIRE1

AREA DSETRIORTTOR M

AREA- LID- UERA', "., %% .% I,20
AECOVERY. 1tE CENTERLIWE 2 " 0 4 06 09 1.

P*l ,r 5 OStI•( MACH NUMBIR

2. FIG 5.8 GERLACH AREA SHAPING

A,. 150NOMAY LAYER DISPlACEMENT AREA
17 O 0

Eal is 0 02 2 0E, 026 Small airfoil shaped vortex generators In the
IKOCKAOE./A4 •,UlrI diffuser upstream of a known separation point are

FIG 5.6 EFFECT OF CENTRELINE/AREA still one of the better ways to minimise separation
DISTRIBUTION ON DIFFUSER RECOVERY as shown In Fig 5-9. The diffuser separation

characteristics must be known a priori, however,
because the vortex generators are most effective

The S duct .low may include some areas of separated when piaced just ahead "f the separated regions.
flow followed by reattachment and certainly by the Therefore, adequate diffuser analysis methods must
movement of the boundary layer from the outsIde be available to dqtermine the location of separated
wall of the first bend towards the Inside and the regions before the vortex generators can be
generation of some swirl at the engine face. If Installed.
the rate of diffusion combined with the sharpness
of the bends becomes too high. massive separation
will occur downstream of tie first bend with E-P4]- no
consequent unacceptably high total pressure loss
and flow distortion at the engine face. The series A

of ducts shown in Fig 5-7 have constant length, a 0, P .EM -*
constant radius final bend, and a common area T 0 BtselineI
distribution. As the first bend is usually the P'EEsuIR 0,, ( Y16* S -- EIRAJON

primary source of engine face total pressure loss OEY A "16-

and distortion, the series of ducts successively 0a2 0 ±16° FLO

decreases the extent of the first bend by DIRECTION

decreasing Its radius and canting the entry plane el a• o RR0 Eo Y TEK
with the consequent reductions in total pressure IUEMSJWCMACHMIuR CEtEtAtE
loss that are shown.

For highly offset diffusers with separation In the FIG 5.9 VORTEX GENERATOR DIFFUSER
turns, Gerlach area shaping (Fig 5-8, Ref 5-3) has PERFORMANCE ENHANCEMENT
been shown to minimise the extent of the
separation, in turning ducts, a pressure gradient Active boundary layer control in the form of
normally ex.sts between the inner and outer walls bleeding and blowing is often more effective than
due to centrifugal forces. High pressures at the passive control. However, the cost may be higher
outer walls often are the cause of large separated In Intake bleed drag or Increased compressor
regions, When the duct cross-section is shaped workload. The amount and distribution of bleed in
such that the velocity is Increased at the outer the diffuser is critical. Too little bleed flow
wall and decreased at the inner wall, the pressure does not control the separation while too much is
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not economical. The performance enhancement Is (b) Combination of intake and subsonic diffusers
seen to be most beneficial in Ref 5-3 when bleed is
located upstream of the separation (Fig 5-10). The next element to consider is the effect of

'0 forward speed and replacement of the bellmouth by a
representative intake lip. The magnitude of total

SEPARATIN pressure loss (other than skin friction) over the
S Ar full forward speed range from zero to transonic Is

determined by the occurrence and resulting size of
p, p, 016 the separation at the lip and the magnitude of
TOTAt throat Mach number. In general at zero and lowPAESSuRE

IWNWOv 0. Oa |ttloOAOSlT forward speed (except at very low throat Mach
dPATTIAN numbers) the ingested stream tube will be largerWleed location

0a2 0 Forwad D than the intake capture area (Ao/Ac > 1.0) and
KT~id separation will occur on the inside of the lip If

a Rear VIE- . FLOW the lip Is sharp (Fig 5-1a). The magnitude of the
01 5 2'0 30 04a 5,0 i.0t loss due to mixing following separation rises

IBLEDMASSFLOW•RATE-P IrailtNrlAACEFLOW rapidly with increase in throat Mach number. As
forward speed increases, the streamtube rapidly5.10 BOUNDARY LAYER BLEED decreases in size for a given throat Mach number
and when it becomes less than the capture area,

Computational methods are now coming into routine (Ao/Ac < 1.0), lip separation has disappeared and
use which can calculate the flow through S ducts, losses rapidly return to the skin friction level of
Fig 5-Il shows a comparison between engine face the basic duct loss. In Fig 5-12 total pressure
total pressure contours as calculated by a NASA loss Is shown plotted as a function of Mth and of
(Lewis) parabolised Navier Stokes program and inverse capture ratio Ac/Ao rather tian capture
measurements at high throat Mach number for an S ratio so that the Important static case of Ao/Ac -
bend duct with constant circular sections (Ref w (Ac/Ao - 0) can be Included.
5-4). Regions of sep•.'.ed flow occur upstream of
the engine face. Nevertheless, the general pattern 05
of total pressure loss at the engine face is . (=0 (a)
reasonably well predicted. Apt

0)f sel/Lenoih 0.45, Me 0.385 , Re = 3.90 x 106

a--)'4 SKIN FRICTION".0 1 T -
INVERSE CAPTURE RATIO A 5A

.0(=20° (b)

A, ipyss ( PO tIb) ?_perm-., TOTAL

PRESSUREO f s / ( , h = 0 S • • 0 . .-7 31, R e = 5 ,37 x 1 0 6 L O S S " IM f h ---•

_ __1 0...

00

INVERSE CAPTURE RATIO "•o
AO

Aoýsis (No iub) Experment,-l L^= 300 (c)

OFFSETOT 01. (C.R. = 1 -078)
PRESSURE --- MthLOSS 0*?-5

034

0.1

INVERSE CAPTURE RATIO A1
OIfset/Lamqlh 0.45

FIG 5.12 STRAIGHT DUCTS: VARIATION OF LOSS
WITH THROAT MACH NO. INVERSEFIG 5.11 COMPARISON OF CALCULATED (NASA LEWIS) CAPTURE RATIO & INCIDENCE

& MEASURED (RAE 2129 S DUCT) ENGINE FACE
RECOVERY CONTOURS FOR CIRCULAR SECTION S DUCT
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At Incidence, lip separation can occur at all the loss variation of the unstaggered intake (Fig
values of Ac/Ao and not just at low values of AC/AO 5-12c).
as at zero incidence. Fig 5-12 shows a progressive
change In loss pattern as incidence increases from
0 to 20" and 30 . At 20" the pattern of losses is C= 0-

similar to that at zero incidence but the thickened "8 (C.R.=l.078)
boundary layer downstream of the windward lip
results in higher losses that are still however
Invariant with Ac/Ao at Ac/Ao > 0.7. For this
particular lip shape at the highest value of Mth
the effect of a small area of lip separation is 02 ve

just evident as the losses no longer remain
constant at Ac/A 0 > 0.7. At an Incidence of 30"
lip (Fig 5-12c) separation occurs at all values of
Mth and this pattern of increasing loss i., typical
at all values of Ac/Ao above about 0.3. 0-1

There are two geometric parameters that can " .
markedly affect the magnitude of total pressure
loss due to lip separation. The first is lip 0 ,0

contract;on ratio CR (- Ac/Ath) and Fig 5-13a 0 1 A,
illustrates the effect of changing CR from 1.078 to FIG 5.14
1.25 at 20" Incidence and low forward speed VARIATION OF TOTAL PRESSURE LOSS ',''TH
conditions. In this case, the differences in

performance between the contraction ratios are INVERSE CAPTURE RATIO & THROAT MACH NO
principally the result of whether or not separation
has occurred. In the second illustration (Fig FOR INTAKE WITH 500 LIP STAGGER
5-13b) the streamtube size is smaller than the
capture area and separation will have occurred for At low forward speeds with Ac/Ao < 1.0 for a
all contraction ratios; the differences In loss are iaggered intake, more flow is sucked over the
due to the decreasing size of the separation region ower lip than the upper one so the unstaggered
as contraction ratio decreases. Intake with its syimmetrical separation region

suffers less loss as shoo,- in the comparison uf Fig
0-12 CR.=Ay 5-15. However, as forward speed Increases from

Ac 1.0-8 th about Mo 0.1 to 0.2-0.3 (inverse capture ratios of

i p010- A 0.3-0.6 approximately depending on throat Mach
P, -number), a cross-over point occurs and at higher

08- Cc=0increase capture ratios the favourable effect of

lip stagger increases rapidly.
004- -177

'00] Pic}{ - 0.6

0.2 0!3 04 0.5 0,6 0' 05 tý 0.1• ' .... 1 oMtA 0c5002 2 ... .. -0

1-07'8 -02 0-3
A0  1--4- SO*STA6GGER C. R,

02Y 1.5 0 U NSTA06GEREj 1.078
0 -2 - 1 o " -

A 0 (=o 300 1177 0 0 04 06 0 0 2 0 A .8Ap Y 1 .7v25 o •o•o o Ao

bt FIG 5.15 EFFECT OF LIP STAGGER AT LOW
FIGl (b) FORWARD SPEEDS

0 -- Thus, in practice, the staggered intake would

require slightly larger or more efficient auxiliary
Intakes to restore take off and low forward speed
performance to the level of the performance of the
unstaggered intake.

002 0'3 0"4 0-5 0-6 0-7 The influence of other geometry variables that have
2 3smaller effects on performance and .he effect of
Mth active geometric variation that can result in large

FIG 5.13 changes In performance are dealt with in section

EFFECT OF LIP CONTRACTION RATIO ON 5.4.
TOTAL PRESSURE LOSS AT SUBSONIC SPEEDS At supersonic speeds, as incidence increases from

zero, the entry plane of a pilot Intake
The second, which has an even larger effect on loss increasingly inclines away from the vertical but
due to lIp separation, is the effect of intake the Intake normal shock remains approximately
scarfing or lip stagger. The upper lip turns the normal to the free stream direction. As flow ratio
flow from the free stream Incidence so that the Is reduced from unity, the shock becomes detached
lower lip Is shielded and if the stagger angle is from the leeward lip and moves upstream across the
high enough, lower lip separation is delayed Inclined capture plane. At the windward lip the
probably until incidences of 50' - 60' are reached, flow remains unaffected until, with Increasing
Fig 5-14 shows the variation of loss with Inverse spillage, the normal shock finally becomes
capture ratio and throat Mach number for a 50" etely detached from the entry plane. When the
stagger angle at 30" incidence. Losses fall shock Is In this position (low values of Mth) the
continuously with increase in Ac/Ao In contrast to variation of total pressure loss is then a function
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of capture ratio and throat Mach number as at zero 02 04 0,6 0 :8 10A 0-2 0-4 0-6 0-8 1-0 AV
Incidence. When however the normal shock is 0 -A C 0 cImpinging on the internal windward surface, the 7
increase in loss is at a higher rate than at -0.0S 97
subsonic speeds. In these circumstances, the total
pressure loss Is now not only a function of capture a

0  
,

area ratio and throat Mach number but as free 0 o ~ Mo- 0 M0
stream Mach number because this determines the
strength of the adverse shock and boundary layer -0-15
interaction on the inside of the windward lip. Co
Thus, total pressure loss and engine face cowL-0
distortion is correlated over the full Mach number
range from 0 to 2.0 by the use of the parameters
Mth and Mo/Mth as shown In Fig ý-16 rather than the C.R.

parameters Mth and Ac/Ao. a ,-01NA MEASURED 1
EULERFULL POTENTIAL } CALCULATED, COWL

(~.?;~k~i ------- I EULER

AP '

o01 7 3 0 06 1

' -= o 2 ..... 06 '0-8 .... AA -002 O- 0.10o.

0 
65 0 1 -7 M5 1-

-0.10 -0-05...Mo15

---- • -,- - T-o- -01 --0 -= -8 -

.I I I 1-0 -2• co

~ /1 EIYI!]? -0-25
SFIG 5.17 COMPARISON OF MEASURED & CALCULATED

AXISYMMETRIC COWL PRESSURE FORCE
,,__,.... .AT SUB _ SUPERSONIC SPEEDSL(REF.5-6)

FIG 5.16 VARIATION OF LIP LOSS & ENGINE FACE 09T~
DISTORTION FOR AXISYMMETRIC PITOT L0.tINTAKE AT .. =20 FOR A MACH NUMBER0
RANGE FROM 0 TO 2-0 (REF 5._5) • .07 FUL-.OR •LUNT

-nA~ed x EULER LIPPED COWL

Si,2 .2 .... . - . . o .FA R N 0 6 M O NE A IM ENSCE AL CALCU LATiON

CC <---F--i--,-_ -

The basic definitions of components of Intake drag I0__ ' Jhave been rutlined in Section 11 - Definition of ',J
Intake performance parameters and description of 03-- L
Intake flows - for both pitot and compressionA0E
sur Face Intakes. Evaluation ox' iorces on pitot 02 I
liatake :owls, from full flow down to the flow at 0115
which separation from the cowl lip is Initiated,0
(Fig 5-1b), is particularly amenable to calculation 02 03 04 05 0-6 07 00 0-9 10A
by full potential flow or by Euler methods. Full
potential flow methods are very adequate to
calculate drag (or thrust) due to supercritical FIG 5.18flow development over the external surface of the COMPARISON OF MEASURED & CALCULATED
cowl up to local Mach numbers of 1.3 - 1.4 (despite
being Isentropic In concept) at subsonic free PRE- ENTRY DRAG FOR AXISYMMETRIC PITOT
stream Mach numbers and Euler (non isentropic)
methods are equally valid at both subsonic and INTAKES AT SUBSONIC & SUPERSUNIC SPEEDS
supersonic free stream sneeds. Fig 5-17 shows (REF 5.61
comparisons between meesured and ca.c..ated
on axisymmetric cowls by these two methods over the Cowl wave drag at supersonic speeds can teMach number range 0.4 to 1.8. The departure of calculated using the Euler equations or by the
measured and caiculated curves clearly indica tes method of characteristics. A useful digest ofthe onset of cowl leading edge separation whIch is axisyo setric cowl wave drag based on
conf Irmed by examination of cowl pressure characteristics calculations and measurements isdistributions, shown In FIE -19.

Pre-entry drag c..n also be evaluated by r ull
potential flow or Euler methods and agrees well
with measured values (vig 5-18). If the intako lip
is sharp then the classic one dimensional momentum
evaluation of pro-entry drag (also shown on Fig
5-18) is sufficiently ccurate. for most purposes.
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S- w The range of manoeuvre, together with the extreme
A 1P" ,A

0
. J0 . range of hot and cold day operation required by

* 5 0 -3086 0 551 Hl ChaS~i, ,ttIvalue

SO.0-31 , combat aircraft, often leads to the need for
_,3 .1OS ______ 10 i matching inlet and engine airflows othA'r than

065 ,3 solely by variation of the geometry o. the
I's .1" compression surface. Thus, aft spill from the

I-.2. A subsonic diffuser, either direct to the free stream; / Ar o 0s 07 0000
30 . . . . ... . - - -j - o 2 , or by bypassing air around khe engine to a base

0.5 11 1110 area or ejector nozzle, is required and adds
Mt......-1, further complication of operation and control of
I moving surfaces (Fig 5-21).

200 ..
SUPERSONIC FOO[SPILL

S AFTERSPILL

--- 1 M--7

AbBLE ED AIR ENGINE BYPASS

FIG 5.19 DRAG OF AXISYMMETRIC COWLSPEF5-7) AIR-• b. I 05-1p0,5--,-5

_ Intakes with Compression Surfaces at
Subsonic & Soersonic Speeds

The design and performance of i,,takes for long FIG. 5.21 AFT SPILL & ENGINE BYPASS
range supersonic cruise aircraft, whose compression
surfaces only operate over a sma!l range of
incidence and :ideslip, is considered in Section IV

of this review. This focusses on both external and 25.2.3,1 At subsonic speeds

combined compression intakes with complex variablegeometry and multi-bleed systems. However, for One po the purposes of variable compression surface
geometacticand mig teraircra, hempai Howev, on rgeometry is to provide the enlarged thrort area
tactical fighter aircraft, the emphasis Is on required at subsonic speeds to pass the ergine flow
simpler designs having only one or two boundary without throat choking. Ideally, this entails the
layer bleeds, external compression only and the complete collapse of the wedge or axisymmetric
variation of probably only one hinged or centrebody. In practice, this is most ccnvenienlly
translating surface. Greater emphasis is placed on approximated when employing a rectangular intake by
compromising the supersonic design to obtain good reducing the second wedge surface to the free
performance over the full Mach number range from stream direction or slightly below this If the
zero upwards. actuating mechanism beneath this surface will allow

it (Fig 5-22). Although the dita shown In 5.2.1 is
One of the more fundamental problems in supersnic strictly for pitot Intakes, the flow states
intake design is matching tlhe intake and engine discussed there will In general apply to intakes
flow rates at off-design conditions. Aside from with 'collapsed' compression surfaces. The inward
the engine demand, the intake may have to provide camber and sharper lips of a compression surface
air for an environmental control system (ECS), intake will however increase losses and engine face
bypass system, bleed systems, etc. Fig 5-20 shows flow distortion at zero and low forward speeds and
a typical flow rate breakdown as a function of Mach there will o.-ten be a need for large auxiliary
number, Notice that the most spillage occurs at intakes to obtain the required engine flow at high
transonic flight speeds. This transonic flow intake efficiency for take off and low speed
mismatch is one of the primary factors which operation (Fig 5-23).
complicate supersonic intake design. SUBSONIC

-..... . SUPERSONIC
ido .B LEED & IN80ARO RAMP

:o " BYPASS SIOEWALL ACTUATOR SUBe oNICVARIABLE / /-"OIEFU5SEIO RAP

SPILLAGE SECOND WEDGE

EINGANE

ID -SiNGeIN FIG.5.22TORNADO INTAKE RAMPS IN SUBSONIC

,,AT EXCHANG & SUPERSONIC SPEED POSITIONS

.' 00 ~±...
0 , ,

I 0

FIG. 5.20 INLET/ENGINE AIRFLOW MATCHING

FIG 5.23 AUXILIARY INLET OPERATION
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Numbers of auxiliary door arrangements for the BAe of interleaving elements that allow the centrebody
Tornado Intake are shown In Fig 5-24 without to collapse (it also translates) to obtain adequate
intrusive doors in Configurations A & D and with throat area. This would however be very difficult
Internally intrusive doors In the other If not Impossible if the Intake was an Isolated
configurations. Their performance under static full axisymmetric nacelle. Another solution to

conditiors is summarlsed in the bar charts and this problem, only possible with the installed half

engine face distributions of Fig 5-24. axlsyrmnetric centrebody Intake, is to translate the
half conical centrebody on a circular track to
obtain a larger throat area, as exemplifhel by the
well known 'mouse' In t-he intake of the Mirage

\t _ . series of aircraft (Fig 5-26).

2ý5.2,,32 At supersonic speeds

"" •' As flight Mach number increases, multiple

compression surfaces and variable geometry may be
.. . -"- , ."employed to improve performance, but the inc,-.ase

/ in complexity also increases weight and cost. The
/ " aircraft designer must look at the effect of Intake

i.................. , -. design on total aircraft performance before1 \ /selecting an intake type. In some cases, the
. . / designer may make a sacrifice !n recovery

"performance In order to get the lower weight and
SI , - - . cost of a simpler design.

II A family of curves depicting the maximum pressure
recovery attainable through a scries of oblique or".8" conical shocks and a terminal normal shock Is shown
In Fig 5-27 and reflects the ideal performance

soLpote '1L !al of axisymmetric supersonic Intakes.
T:,creasfttg the numb~er of shock waves yields higher

•.A 6 _pressure recovery values. Thus, an isentropic
. m opression surface generating an infinite number

- of Mach waves yields the maximum recovery.

F .. . ... -. ... :1.0 F-104

Isitlropic~ Spike
_.'Double Conej F.9~ S in g le C on *

FIG 5.24e EFFECT OF VARIOUS AUXILIARY INTAKE 8 . N- al ho\
GEOMETRIES ON PERFORMANCE OF A
COMPRESSION SURFACE INTAKE AT 7

STATIC CONDITIONS

The form of the rectangular Intake, with a
collapsed second ramp and endwalIs to the
compression surface that are swept from the front
ramp tip to the cowl lip, is then very akin to the
staggered pitot Intakes discussed in Section 5.2.1. I 3 4 5

Thus, If the intake lip is not sharp, performance
of the wedge compression surface supersonic intake,
(when suitably orientated with the first wedge FIG 5.27 CONICAL SHOCK RECOVERY
leading edge horizontal) at high Incidence at
subsonic speeds, should be adequate. Fig 5-27 also shows the performance of the Lockheed

F-104 intake which has a single fixed geometry cone
No such happy coincidence occurs when using designed for Mach 1.8. The recovery drops off
axisymmetric centrebody intakes. These pose larger rapidly at off-design flight conditions.
problems for ebtaining adequate throat area by
centrehody translation. Indeed, on t he FIll FIGHTER AIRCRAFT INLET TOTAL PRESSURE RECOVERY
aircraft (Fig 5-25), the second cone angle consists .(

FF•SLA E IT$ , ,IOS, 0 ITT

FIT 1RNSATN MUI COLPSN CNREOIiSM\''\ ).

1W A5

POSITIO _-_

FIL.5.251/4 AXISYMMETRIC (IF11) INTAKE
WITH TRANSLATING & COLLAPSING CENDTREBODY VRAL is INT I F5

CURVEDtTRACK FOe (tSI OtDsY Ilm
TR11111111If 0 16. USKIL 4X01611

L= ON 6100114. b #1

POSIT I5N ITIs i 1 , is 3

F1G5.261/2 AXISYMMETRIC (MIRAGE) INTAKE WITH FIG 5.28 WU MOI
TRANSLATING CENTREBODY ON CURVED TRACK VARIABLE GEOMETRY INLET DEVELOPMENT (RE F 5.8)
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An interesting trend in US variable geometry
development is illustrated in Fig 5-26. Attemopts
at improving performance over the fixed geometry
F-104 were made in the F-l05 and F-4. Acceptable
performance was obtained over a wider range of Mach
number, but the full benefit of variable ramps was
not realised until the advent of the F-I11, F-14

and F-15 aircraft.

0.950
PRo o Ot . d" '" '

085 ,igl ,- -2amp FIG 5.31 OBLIQUE SHOCK-BOUNNARY LAYER INTERACTION

080 1 Cowl drag associated w'th a given amount of

0.75 I external compression can be determined at an early
0.6 0.8 1-0 1-2 1-4 1-6 1-8 2-0 stage in the design process from the requirement of

MachNunber oblique shock attachment on the inside surface of
the cowl lip. The consequences of selecting an

FIG 5.29 COMPARISON OF ADVANCED 2-0 INLET internal 'ýowl angle (and hence external cowl angle
PERFORMANCE WITH CURRENT .NLETS, and thus external drag) to just give an attachedI undersurface shock on maximum shock pressure
MATCHED AIRFLOW 0(=O 0? B=0 0  

recovery that can possibly be attained (using an
ideallsed isentropic compression surface) is shown

Some of the recent progression In Intake design In Fig 5-32. Thus, at Mach number 3, a cylindricalefficoenctes are illustrated in Fig 5-29. Although undersurface that would be associated with a very
these are for installed intakes, at lt - - 0 tho low cowl drag is limited to a shock recovery of
theselaresforld instalycloed take at of - olthee 0.72, whereas a moderate cowl drag with an
results should be very close to that of isolated undersurface angle of 12" would have an upper limit
intakes.

to shock recovery of 0.83.

A successful bleed design is one that gives large
increases in pressure recovery for relatively small MO
bleed flows. When this is achieved, pressure 1.0
recovery values that differ from the theoretical 12.5
shock recovery by only the duct skin friction loss
are obtained (Fig 5-30) for bleed flows In the 3.0
region 4-6%4. -- e

/./• ,~~ 0.8--- .__

0 95 ... /' Pt----- 0.7 Mi

82 M0 = 2 216 X 1 .
0-900... '/.. Calculations for two--• -- /" %b- 0.6 dimensional isentropic

- compression with normal

085 /8 , -° • 0.5 -

(P) /7. 5 10 15 70qio 25

tcrit FIG 5.32 MAXIMUM SHOCK PRESSURE RECOVERY FOR
0 80 EXTERNAL COMPRESSION WITH A 631VEN

xLC COWL EXTERNAL ANGLE (REF5.7)
-- -CALCD
PLANE SHOCK The Increase In surface wetted area in front or the

0.7 RECOVERY capture plane can be linked to the Increasing
number of supersonic ramps or cones and henceIncreasing shock pressure retovery (Fig 5-33).

0 701 aRectangular romp (w€ = hc}
0 0 0-5( oa01 s aRectangular ramp no swept sidewalls I Shock-on-lipS0-0 I~o 010As o Axisymmetric conical tentrebody0A7t0 A- Halt axisymme0ric conical centr (body 0 Mach No. MSOL 2.5

FIG 5.30 EFFECT OF VARIATION OF BLEED FLOW S uith p e-dwiubl
ON PERFORMANCE OF A DOUBLE RAMP 4 o

SUPERSONIC INTAKE 3-'
The drawbacks inherent in using large amounts of 2 j. Sin• - I . .... ...5Iwglg .

external compression at supersonic speeds are well 2[ . .

known, It results in high external drag due to Singl metric
large flow turning from the free stream direction 1 cono -. Axisymmetric
and the development of long boundary layers on the ,_,I_ It_,_____
compression surface that are subject to high 0.5 0.6 0.7 0.8 0.9 Mail axlsymmericc
adverse pressure gradients which cause them to Shock pressure recovery with swept andwall
thicken and/or separate, particularly at FIG. VARIATION OF WETTED SURFACE AREA
mul ti-compression surface intersection points (Fig . FOR EXTERNAL COMPRESSION INTAKESREF.57
5-31)., .3 FRETRA OPESO NAE(ES7
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This diagram also emphasises the large differences Other purely measured values of pressurc recovery
In approach surface area between square and referenced to pressure recovery at zero incidence
axisy•mnetric Intakes and the increase due to for a wider range of conditions are shown in
enclosing the shock system of the square intake Fig 5-37.
between swept endwalls. It is nc surprise that
rectangular Intakes invariably feature boundary
layer control on the compression surfaces whereas - -r--

single or even double cone centrebodies often do
0~ SOL 55

n. T 2-0 2-45 RAE

The realisatlon that cowl internal angles do no- 7 202"7 ONERA

need to be at the same Inclination as the fin a. v 24 2.45 RAE

ramp of the compression surface, together with
close integration of the design Vf thc bleed nn the 8 -6 *4 -? 4 6 a '15 t1
compression surface Just downstream of the entry
plane, with the shocks from the low angle cowl FIG 5.37 VARIATION OF PRESSURE RECOVERY WITH
und, "urfac.,, has led to development of optimum low INCIDENCE. FOR TWO-RAMP INTAKE
drag exL,.nal compression intakes. The resulting
wide slot bleed unchoKed at its entry also has the If the intake is yawed, the variation of shock
advantage that matching initially occurs by recovery Is no longer readily predictable and again
spillage through the bleed (Fig 5-34) and does not Fig 5-38 shows measured variation of pressure
involve conventional subsonic forespillage over the recovery.
cow, (Fig 5-35) with its attendant high drag asnd
possible shock instability. 1"

--- 9 ,'." . I- , M0  hi6MSOL"PRPe.°6 O .ML..-' - 2 -5 RAE
S- ---. -I - i - a 2.0 2-7 ONERA

s- \: -. 4 v 2.4 2.45 RAE
______ ',oi 2-7 2.7 aNRnA

_______________ 2 6 0 2 1 16 1'

"FIG 5.38 VARIATION OF PRESSURE RECOVERY WITH
SIDESLIP ANGLE FOR TWO- RAMP INTAKE

In this case, performance is sensitive to changes
FIG 534 WIDE THROAT BLEED OPERATION in endwall shape and quite small changes in

configuration can result in relatively largeCompression Surface Spil-ge - supersooc forespilt changes In pressure recovery (Fig 5-39).

Subsonic *
fares iI -

M. F RECTANGULAR INTAKE'5
0.9 PR (s°:2" "

M 2-09 0 OL
FIG 5.35 SUPERSONIC &. SUBSONIC FORESPILL

At incidence, if the ramp compression surface Is
horizontal, then the variation of shock loss can be 0"85
calculated until the ramp shock(s) become detached.
Fig 5-36 shows a comparison between calculated and
mecasured pressure recovery for a two ramp Intake
with a wide slot throat bleed. _,

0 2no 8
CL=O*

FIG 539 EFFECT OF SMALL CHANGES TN ENOWALL
"SH4WE ON PERFORMANCE OF YAWED

-- -- -~ .~j/RECTANGULAR INTAKE

PR ~ " / With axisyssectric external compression Intakes, the

/F'F'Ti / flow In detail at incidence is complex but the
hasc pattern of shock angle variation Is akin to
that of a pitot Intake. The conical '¾robody car,

0 s ~be regarded as pivoting about Its apex with shock
angles changing much less than cone surface angles

_____relative to free stream direction. As Incidence
Increases, tie cone shock moves Into the windward

Slip and the leeward lip moves a-say from It. When
,o /' / this happens an Increasing proportion of the flow

Is compressed zhrou•ih a normal shock only and the
FIG 5.36 result Is a sharp fali eff In pressure recovery.
EFFECT OF INCIDENCE ON PRESSURE RECOVERY & Thus, the change in pressur-e recovery with

Incidence Is largely Inflnuenced by whether or notSHOCK WAVE PATTERNS FOR A HORIZONT."' ti,I cone shock ast zero Incidence is on or well

DOUBLE-RAMP INTAKE (REF 5.7) outside the cowl lip, as Illustrated in Fig 5-40.
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layer separates '7r comes close to separationt, tie

CRITICAOeffects are particularly adverse and generally not
tPR2~,j "-.nres; -Icted I,' a lowcring of -ean pressure recovery:

atsct ote'. adverse ieatures irnclIude total-pressure
I ~ Y~tjStO~O~t distortioneand flo-w insitability (section 2).

~K ~"'- ~ Rerroving the boundary layer at some stage from the

intake provides ant escape frots, or easemanrt of, the

hT~?d~~,'difficultIes This is done by means of bleeds or
COWL SHýttO' dietes The term 'bleed' denotes a sepai'ate
05 INSIDE COWL duct which leads away oiiý boundary layer. The term
LIP,- A'az diverter' itaplits that the Intake stands off from

iONAL AN('[ OF tutNTeOPIC SURFACE apart icu~lar surface. allI ,wing the boundary layer
054 02 4 60 10 Lt.. 12 14 on chat surface to e,ýape down the intcýrrnediat

FIG .40channe:. I,) either case the boundary layer removed
EFFECT OF INCIDENCE ON PRESSURE RECOVERY OF 1front the Intake usually becomes a part of trie

"AXFYMMETRIC FOREBOGY INTAKEE(RFSF.7) aircraft system, that 1s to say it represer t s ar
additional Item in the ai-craft drag but the effect

A second Influence on pressure recovery c-nores fr om of the increa sed pressure recovery invariably

the tendency for thle IboundarY ieyer on t ite outweighs the drag penalty.

centrebody to be swept up to thre. leeward side.

Tihus. a long contrebody with a high shock on lip Common forms of bleed and dlve:ter are Iliustrated

Ms.ch ttumb-tr MSOL will have a worse performance than in Fig 5-0,3. fliverters may be of the step type (a)

one with a iow MS01 . (rltg 5-41). This trend In or channel type (b), (c). A step diverter Is a

principle is of cruts( in the opposite sense to useful form in the ng root of a subsonic

that of Fig 5-40. aircraft, because the forward extension allows a
gotod wing-root profile to be preserved. Step
cliverters are not geneiRally recoonsended for

CRtI I (Al - - supersonic airc ift, how-ýver, because fresh~ ~ boundary layer Inritiated on the surface oi- the
Pir Iat- d..'erter msay Itself produce most of the interaction

l-ss of the orIgfinal longer bovndary layer.
K21722 'u---Channel diverters cre suitable for both subsonic

and supersonic application, provided khaz a
G=l0' reasonably aerodynamic 'prow' shape coo, be obtained

between the Intake and the boundary-layer surface.

6 18 20 2 2 1 2 t tsin 2 8 Th)e recormmended width for step diverters is abcut
FI~n.4/1 "one and a half times the thi ckness of the boundany

INFLUENCE CF FICREBODY LENGTH ON PRESSURE layer, when this is undisturbed by the presence of

RECOVERY AT INCIDENCE OF DOUBLE- ONE the Inta
t~e, antd for channel diverters abottt one

INTAKES (REF 5.7) such boundary layer thickness.

There is no simple way of predicting maximima flow - Csmeof-
ra~io for a>:is:,neetric intckes at incidence. Fig ~ -,,, step (a) 4

5-42 shows some rneatured values referred to the.
zero incidence value for singie cone, double cone /o Stop aiotder
and isentropic 'tentrebody Intakes at Mo 1 9. ,- Exormple of

bleed

1.90 860 }'
t. IA 1.90 . -ý (h) Channel deverter (Vi Channel diverter

1.9 subsonic sla~ke - SupertOnit intake
F1- 5.43, EAPLES OF STEP & CHANNEL 01VERTERS

Boundary layer bleed systems can become more

08, como'ex at supersonic speeds as or. the F-Ill

FI34 10 15( aircraft (Fig 5-44) and need more careful design to
FIG 5 42ensure" their successful operation over all engine

EFFECT OF INCIDENCE ON MAXIMUM. FLOIW' OF flow rates and aircraft att itudes that will he

AX SYMMETRIC FOREBODY INTAKES (REF5.7) encountered

/ O P lSU R F 0C

It was discovered aarly in jet aircraft design that EEO S~t

allowing the forebody boundary layer tc- be Ingested
Into the intake imnpcsod a serious loss of recovery
at the compressor. The nub of the preblem, as taoi St'urtta

been seen (Fig 2-7 Sectiton 2) Is the Interact ion of PLA~TE 0

the boundary layer with tha pro-entry pressure else
which i s incurred Itnt the process of producing a

relative retardation ef airspeed from the flI Ight
FUStAtuE

velocity towards that required at Inlet to t he bLE /
eng Ine . Broadly speaking, the severity of theE
problem Is greater the higher tlv' flight speed and teITTe

the presence of shock waves at supersonic speeds FIG 5.44 PLAft

adds a apeeial dimension to it. If tire boundary F-ill INTAKE
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Tactical. aircraft are required to he mansieuvrabie location of boulidaiy layer and cone probes used to
a-, tubsonIc, transonic and supersonic conditions define flow Fields apptroaching thle intakes.
without givin8 up good subsonic cruise e~fficiency.
Consequently, prrper integration of the engine a~ KI 1.
Intake with the airframe Is of paramount interest . 0 ti

IThe ran~e of incidesce and sideslip, although - ~i~.~
reduced a! supcorson Ic. speeds from the values Ii oi -
outlined In tnie Introduction, still remainsi wide . .
compatred with those required by the high liusF...
supersonic cruise vehicle. Within these reduced .. *
ranges, at supersonic speeds for the InstalledL....'Lxj ', I I ":
Intake, not only xach number attd flow direction .

*ill v<ary In the approach flow field to the !ntake slx.ý110 ewi-h.- ~e
but also total pressure true to the, prosence of anl
upstream curved and In some cases detached sho,'-. FIG 5.46 FOREBOIJY FLOW FIELD MODEL
from the body nose. INSTRUMENTATION

Design for optimutt airframe-inlet integration has Flow fields are characterised by vector plots or by
thle following specific goals: lines of constant local angle-of- Incidence, oL, or

I 1,1nilseappracl Flw anulait\ wit reect locai angle-of-,ideslip. 1
3
L. The vector plots give

I Miiole aproci:flo anglars~.wit reect an overall Impression of fiocv angularity whereas
to inlet leading edges the oL and OL contours provide more precise

2 Deliver uniform, high pressure recovery flow to definitions. Flow field variations for relatively
the Irlet entrance at vailocities equal to or high manoeuvre conditions at Mach 2.2 are examined
bolos, free stream conditions to aid understancrig of the limits of performance.

3 Prevent boundary layer Ingest ion by the inlet
4 Reduce the probability of foreign obj~ect or Lot Fig 5-47 shows a vector plot depicting combined aL

ga Ingestion t oe potentiable fo lewvfeld and OL vector's around the BASELINE body shape at M5 Militie te poentil fr flw fild- 2. 2, no - IS'. Flow angularity Is highest near
Interference from weapon carriage/firing, the body and there is a significant sideslip flow
landing gear deployment, fuel tanks, pods, coriditirni In the region of the Inlet Inboard
pressure probes etc. surface.

Similarly, the airframe-intake design should
minimise any deleterious effect ass the i~~
design/operation of lil'ting surfaces, landing gear
and avionics and how they integratss with aircraft P

structures.

lli-cause of thle m~any factors which Influence/ ///
airframe flow fieido4, it Is expedient to discuss a , /
sot of coorditiateti data so that the eff'ect of
Isolated p.,ramteters may be illustrated. To this FFIG 5.47 BASELINE FOREBODY VECTOR FLOW FIELD;
end, tilc series of fighter configurations showti ittM-2
Fig 5-45 (Tailor-M-te Progam, Ref 5-10 In 5-14) M=2 C0=150 '000
will be used to isolate- somie of the primary effects
0of fuselage shaping inle~t location aid flom the A mor"? careful examination (Figs S-48 and 5-49)
inlet configuratio.i interacts with location ill slowst lines of conttant al. and OL for the BASELINE
sýct ions 5.3.1-5-5.. shape and the S'?UARED shape. There Is little

difl'erencc ill "'L distribut ions, but the flaw in the
I., region of the lower, Inboard sideplate at sideslip

condit Ions varies menuorably between the shapes.
The maximum 13L value in the regiont of tire intakz

C,, Inboard sideplate is leaist for the BASELINE shucpe
DO .~K' ~ $z (15L -. 8.6) and greatest for the SQUARED shape(L

ýIx ýJp ~~FIG 5.48 BASELINE FOPEBODY FLOWIEL ANUART
MAPS o z 1, 0(=isa, 00= on

FIG 5 45 TAILOR-MATE AIR FRAME !NLET
ONFIGUJRATIONS (REF 5.1r. -514I )o~

-3.1 -LrOS91age flo fied i.ljoL side mountted /k

WI iod tunnel tssýie te alot-Miate program '.
were conducted in t le Arnold Eng: neer Ing a, CONTOURS fi, 'NTOUSI

Ileveior-plent Center (AEDC.) Propulsion Wind Tuitne! 16
foot test sectiotis. FIG 5.49 SQUARED FOREEBODY FLOW FIELD

FIg 5-46 depict, tile foreitody ,ross-sect ion shapes ANGULARITY MAPS; Moz 22 B1 ~1 o-0

Investigated for side-moutited intakes and shows the
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Figs 5-50 and 5-51 show IIL contours associated with systems and bleed orn the perforated side plates was
a combination of aircraft pitch and yaw for estimated from plenum and exit static pressure
baseline and square bottom fuselages at Mo - 2.2. measuremer;ts.
0o - 15", 19 - 4". The leeward (right) side OL Intake instrumetntation was provided at the
plots for both fu;:elage shapes at 1o - 4" are left-hand compressor face to measure total preseure
similar in appearance to the -'o - 0 plots but with recovery and both steady state and dynamic Ifflet
approximately 2' to 4' OLadded to each measurement flow distortion by use of 40 combination
point. The flowfield differences may appear to be steady-state and high resl.onse total pressure
minor but inlet data will show a significant effect probes. Additional instrumtentation on the opposite
on performance. (right-hand) side of the double intake system.

consisted of total presrure rakes and sta:lic
e pressure measureme-nts through the dUot As noted In

,*, . - _the figure. In the following discussion, *positive
e +, sideslip" is defined as that condition where the

inlet under consideration is on the leeward side of
the fuselage.

Figure 5-53a,b takes two Intalke data points for the
CONTOURS III BASELINE forebody at .o - 2.2 (oo - G'. 20') and

depicts the progression of flow through the Intahe
FIG 5.50 BASELINE FOREBODY FLOW FIELD IN in order to shed s-me light on the varlat;on in

SIDESLIP; M,=2-2, %0o=15, %3o4
0  

levels of performance experienced ,ith increasing
00. At 0o - 0' total pressures are all high at the

- inlet cowl lip and Intake throat or aft rzmp"station. Pressures farther down the duct indicate
I" that some low energy flow exists In the upper part

S I .- '- of the duct, but this situation shifts rapidly,
with the low energy fiow showing up only in the
lower portion of the compressor face. Since no low
energy flow is i-% evidence In the lower part of the

'1" duct at the first three data stations, It must be
k.CONTOUS , supposed that the flow defect originated in the

region of the r.ft ramp leading edge (behind ti.e
FIG 5.51 SQUARED FOREBODY FLOW FIELD IN throat slot) and that static pressure gradients in

SIDESLIP; M= 2"2. ao= 15, f 0=°40  
the duct were sufficient te move th's region to the
lower portion of the compressor face.

25.3,2 Performance of a rectangular compression
._mcfac ijntake on the side of a fuselage At CIO - 20 . flow at the Inlet lip is relatively

uniform, but with a lower total pressure than in
The va:-iable geometry ý'ectangular intake shown ;n the previous case. In the upper thrust region, l]ow
Fig 5-52 was tested with both the baseline ano pressures are measured, suggesting a greater ltow
squared rorebody shaes. It featured a variable Interference of the flow with the aft ramp leading
first raip au well as variable second and third edge. More low energy flow P.d flow separation in
ramps for efficient compression at supersonic the upper part of the duct are in evidence midway
conditions. in the duct. In this case, rotation of the low

energy flow through the duct to the Inboard and
lower part of the compressor face appears to be

kI-5 -ts quite evident.

II L< .

FIG 5.53a BASELINE INLET TOTAL PRESSURE

FIG 5.52 SIDE-MOUNTEO INLET CONFIGURATION

AND INSTRUMENTATION 15 k I
it had a long subsonic duct (L/D - 5.23) with a low -.
diffusion rate. Boundary layer control on the
ramps was provided by perforrted bleed on the
compression ramps an! on the side plates. The Yli
variable gap offset between the th'rd ramp and aft
ranp allowed a combination of flow bypass and
bou.idary layor control at the throat region. FIG 5.53b BASELINE INLET TOTAL PRESJURE
"lhroat bleed flow was measured with flow metering MAPS; Mo=2-2, o[=200, n. 0=0 0
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Tha next F#xur* (Fig 5-5441 shýows an exae-jpk of the separation dominAtes tie le(aver inboard re~lon or

effees of sideslip at art 1 o' cit 0T poesion f the throat . Thus, it Is seen that the flow field
flow th1raugh a right-hand Initake intrt~rated wit% differences between the liASELIliE an~d SQtIAZED

the baiel ine fortbody'. At 60- 0* there Is Nseealtv sijpvs do injdeed maite a diffrernce In

evidenct fromt tte lip rakes of finboterd s~diplote Intake performance.

lviodimig edge flow interference. This defec t Is

itill fit evidence sit the inlet throat, and further 23ýAftfrac xs~gtJ-

on nsown the luct tire low energy Now region extend3 nakso
ovo" an extensive por' ion o0' the inboard side or

th~e ducl. Once again, at the .-ompre.ssor face, the The previou& 'liscusslon. and extampies centrid or, the

ice ener-gy air appears to have emigrated downwards, horlmontal -amp intake. The choice of" rectangular

but flow conditions are relativvly uniform. Willh versus axisyermetrl~c or vertical versus lrnriztoncal

the Intake ex,'eriencine. A* leeward sideslip. there ramps depends vpon ti'e Mach number range and

is n,&, extensive flow separation on the inboard manoeuvrability requoired. At low angles of

sidepla~e at the cow; lip. The separation and its Incidonrce. annity-mrttrlc inzai'es can provide better

efforts spread sig~n~fi-.antly at the throat, and pressure recovery tiswn roctarigularIn inakes a.t

,Žontinue :o spread In the duct. As Itfre the supersonic Mach niumbers beus of the s iler

region of loweSt energy air rotates downward so fundamental losses ni;sociated with conical shocks.

th'at, at the compressor face, the very lowest Also. axisynumetric Intakes eond to be much lighter

prkssures ha~ve :roved to the bottom and t.e only because of the high load carrying capability of

remnant 0 f the high pressu.e fl.,w from the lower "hoop' tension. However, axisynsoetric Inlets and

throat region now exists in the upper region of t;,e vertical ramp intakes exhibit nor'syutoetry of the

compressor face, flow at h~glt on,,jes of Incidence whiich re~sult in

lo0er pressure r-~vr. The manotuvring(a) 13; 0. horizontal ramp Ilntal.e is able to deflect t '..
13-0 cncortlng flow ard retain its quiisi two-kilmenslot~alL A caractcr. In additior., variable g.'ooetry to

control sihock position, spillage. ond recovery is
easier to PicomtplIlIsh. Variable geometry in

axisymmetric intakes !s usuially confined4 to spiýe
translation in single or twin cone configurations.

'~J intakes as well as rectangular intakes, offering a

comarl~onofther rlat~eperf'rmance in the
side-souiied (and wing-silelded, con.figurations.

Figure 5-56 shows the side-mounted axlsyotuetric

CUCTintake -with its instrursentatio-i. These intakes

wer e t ested with the forebody having the ROUNDED

(b) lower shoulder shape (see Fig 5-46) so the

floefield approaching silis intake was at toas, as
good as that ahead of thu BASFlIINE rectangular

9o 4'Intake.

C~flt~a 4

FG5.54 INLET TOTAL PRESSURE MAPS WITH
BASEtINE FUSELAGE Mo 2-2, (OClo=1'- 7

(11 ~o=Oý (b) IBott4o
rl gure 5-55 gives an ox topIv of t ii,-uat flow ~---
variationis aisoclated with the different forebody FIG 5.S6" . 0
influences. influence of the forobody Is seen In

a); three, of the integrated configurations, but Is SIDE-MOUNTED HALF -AX:SYMMETRIC
by far tine most prominent with the SQUARED INLET CONFIGURATION & INSTRUMENTATION
forebody, where a substantial region of flow-

Flow progression through the side-mounted heli'-cone

itake Is shown In Fig 5-57 Pt oro - 10'. In this
case, a massive flow separation originates in the

1 upper part of the Intake ihroat due to the oversped

0 990'-,-. '

CONOUR , Mo= - , 4= 15M 0'TTLPESR OTOR;M:22 or
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condition and hence strong normal shock in that than an unst.,$ rel intake (Fig 5-59). There is

region. Further Iown the duct the flow in this also a small favourable effect undztr these

upper region is still separated. but has been conditlions of increas;ing diverter height.

joined by a separated flow regien in the lower par.

or the .hroat. adjacent t.o the spike. At the 1 . 1`0 9

cospressor face evidence of separated flows is C$,--. 'A- -

obvious in the low pressure regions 4,,d large .I" P- .12

distort ion. co" 6% 1

Based on this t-st data. the side-•ounted M- .

half-axisyametric intake wouid appear to be a poor V,
candidate for highly man,,uvtrble fighter aircraft.Yet severa i current aircraft systems employ this .0 J0 0) , I 0•. V0 ) 1, 65 .1 K.. . ."a -

intake efc+ctively. and it can be at:ract've from

structure. syst.em drag and reduced observables

points of view. Design modifications to provide

opt Imum compression su-face angles, more efficient • 0. 5s 07 *3 o 640! ,

boundary layer removal and/or better variable

geometry control can Improve axisymametric intake FIG 5.59'
periormance, possibly without giving up soiue of the E-FECT OF STAGGER ANGLE • D[VERTER HEIGHT h
Important advantuges noted. Care would also have ONF PERFORMA NCE O ANG IE BOD Y I GHT F

to be taken with this type of an intake to design ON PERFORMANCE OF A SIDE BODY INIKE

th. diverter/ieideplutc carefully enougl. to avoid UNDER SIDESLIP CONDITIONS
sideplate leading edge separat ion.

At supersonic speeds (Ref 5-16) there can be a

25 3-4 Performance 9,f .a i. -Lntake on the side of" Enefic!al effect on the pressure recovery of a
a a tLa (Ref 5-15) pitot intake to be derived from allowing the hitake

normal shocks to intersect wjih the body boundary

Although detailed body flow field data Is not layer provided the Intake is mounted on a

available in the following examples, the main sufficiently high bou.-:ary layer diverter. The

Influence of the Increase in local angle of well known lambda shock formed as a result of the

Incidence due primarily to upwash around the body, normal shock Interaction with the boundary layer

particularly in the region of the upper shoulder, can give a theoretical shock recovery equivalent to

shows up In the performance of pilot intakes. The a 10' ramp compression surface. Howevar, this

local variateon of sidewash is probably not shock pattern only progressively encompasses the

Important for a pitot intake with blunt lip. whole of the intake flow as flow ratio is reduced

Comparison of isolated pitot Intake recovery with frome the maximum velue and eventually the

recovery measured on an Installed pitot Intake theoretical advantage of the two shock pattern Is

gives a relation between free stream Incidence no Increasingly cvvertaken (unless the boundary layer

and local mean incidence k for equal values of diverter Is Inordinately high) by the adverse

recovery and hence a derived upwash angle k - " o effect of body boundary layer ingestion. This Is

as shown in Fig 5-58a at Mo 1.6 can be obtnined. if the flow pattern remains stable which Is not

This derived upwash angle varies quite rapidly as always the case (depending on free stream Mach

Mach number Increases above 0.9 (Fig 5-58b). number and amoun of flow spillage). The measured

lo) .gain in recovery relative to normal shock recovery

__ is shown in Fig 5-60 at MO 1.4 and 1.6 as a
o..' 0 function of throat Mach number (spillA6,a) compared

so 4t.o to the theoretical gain from the two shock

- recovery. The measured gain Is derived by adding a

rE FI,,CL duct and lip loss (obtained at subsonic speeds) to

0 2o0 .0. the measured pressure recovery and subtracting the

75-•'•• .. J21 theoretical normal shock recovery. As can be seen

0 jjj a at Mo 1.4 the two shock recovhry appears to

S0 influenoe the whole of the intake flow even at the

1t 15 20 2S 30 "15 iQ .Tit 06 0,7 0S 09 10 11M,1.2 smallest spillage ctndition (higher Mth) .

,(A° I 0 0

0IW -0•, -E "M RW As E I

S~Hih

0 T 0 ' 3 • 0 ; 1 , 01 - .7
0 0 5 10 15 2"0 2". A¢ -0 02

SIDE- 4a,0
Fk.5 58 SIEBODY PITOT INTAKE PERFORMANCE

If corrections are wade for upwash argle and for
basic duct sk~n o'riction loss, then the derived lip

loss associated with a long rectangular installed
pitot Intake at high incidence agrees quite well

with that for a short lsulated axleyrcmetric pitot

intake with the same lip contract'on ratio (Fig
5-S8c),

The influence of stagger angi" on the performance FIG 5.60 INCREASE IN PRESSURE RECOVERY DUE TO
of a pitot intake i.tj not orly beneficial at INTERACTION BETWEEN SIDE INTAKE
incidence but also in sideslip. Both at positive NORMAL SHOCK & FUSELAGE BOUNDARY
and negative • a 50" stngered pitot Intake has LAYER
Gower losses and better engine face distrioution
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At Mo 1.6 tne smaller shock wave angle of the 10
separated flow 'raosim' results In only .a small part
of the Ingested Intake flow being influenced by the

toshock pattern at high MthI values but the effect09
progresses rapidly as spillage increases uotil some D

ing-.stion of the separated body boundary layer ............ vw........ " . ...
cotamences at ve!ues of Mth below 0.4-0.5.

For tite staggered pitot Intake, the gain Q I " "-.
progr.ssively changes into a loss as stagger angle *:" ' .

increises from 20' to 50'. At 20" stagger angle .

the majority of the intake and shock boundary layet "
Intersection Is upstream of the upper lip and swept
endwalls and is therefore still on the body

boundary layer. At 50" stagger this interaction Is FIG 5.62 FOREBODY FLOW FIELD MODEL
wholly on the surfaces of the intake and hence the INSTRUMENTATION
lambda shock formation only results in wholly All three of the installation types are shown in
del-terlous Ingestion of separated flow Into the
intoke which completely overwhelms the small .'ig 5-63. A comparison of vector flow fields for

favourable effect of the lambda shock pattern. Fig the two of the shielded and thi baselina unshielded

5-61a,b show the progressive change In dgan' configuration forebodies at - 2.2 and a.

to lamoda shock formation as stagger angle changes (Ref 5-10. shows the nature of two shielded flMw

from 20" (similar to the unstagered intake values fields.

of" Fig 5-60) to 50' and Fig !-61c sutrmarises the
cht ge with stagger angle on a basis of losses
other than the theoretical noroosi or taoshc los vz. k
%which depend, vs angle of incidence and not on the e----l

forsation of a lambda shock). . . ..;-

03 1..1.• ,-.
p•[s •oro 1(00o3 0

00 ..± I...i • 1 0. . o/S./ I I / I oS. ... /

-30 0 30 FIG 5.63 COMPARISON OF VECTOR FLOW FIELDS
AT Mo=2.2, 0(o=150 900 FOR
BASELINE AND SHIELDED CONFIGURATIONS

Son0: / r .•--. In Fig 5-64 average levels of local Mach number and

~0 33 ./'¢ 0 ;•--• • incidence ML and oal are snown for the same three

'3 W0"O-0- 0 fo different airframe-intake Integrations at Ni - 1.6

•ngie and 2.2. It is seen that there is a substantial

reduction of average ML and oL from Free stream

values associated with the shielded configurations

in supersonic flight at inc;dence.

FIG 5.61 EFFECT OF INTAKE STAGGER
A T S U P E R S O N IC S P E E D S S ,oE . . .."WING 94tJ1 00L00

1.6- 3.) 0 - .
"1 1 24

25,3.5 Fusdake/wIng fins fields fl.- shieldei ,k..0

I nt aUg.Jn*_aLlat Ions 0

The concept of sustaining intake performance at 1
high angles of Incidence by positionihg an Intake 0

baneath a body or a wing applies to both subsoric lo ...tAJ
ind supersoni - aircraft and has bten used on a 0 10 20 0(1 0 Ir, 0 0Y'
number of air.raft projects varying from Concorde
to FI6. When incidence is varied, airflow
direction is controlled by the aircraft surfaco?, sn

to that extent , the intake is not aware of a chanige
of aircraft attitude. Additic.nally, at supero..oic N-
speeds, advantage can usually be taken of a
reduction In local Mach number mnd henc.? a 30lo lo0
reduction in shock loss occurs a s- incidence n'....
Increases. ....... ,o0

Aircraft conflguratin.on. Incorporat Iog shielded lo 10 20 1 . 0 10 20 .10

Intakes can be either the "fuselage-shielded" ANGLE OF INC01EN0E (legrees 0
configurat ion or the "wing-shie 'ded" configurations
depicted in Fig 5-62. FIG 5.64 COMPARISON OF SHIELDED & UNSHIELDED
Flow field Instrumentat Ion for the shielded CONFIGURATION FLOW FIELDS
configurations was essentially Identical "o that M0o2-2, ao=15,l Ro500
for the side-rounted configurations (Fig ,'-16).

E -
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Fig 5-65 shows the changing nature of shielded flow Values of Intake pressure recovery, turbulence and
fields as 4" sideslip is added to the no - 15" flow distortion are plotted as a function of
condition. The leeward flow field on the wing- incidence for the three different installation
shielded configuration now shows significantly types In Fig 5-67 (Ref 5-12 and 5-13). The
higher levels of adverse inboard sideslip. BASELINE forebody intake configuration from

previous illustrations Is used to represent the
From these forebody flow fields, it might be side-mounted inlet Installation. The lower Mach
anticipated that the shielded configurations could number design of the fuselage-shielded intake is
offer a considerable performance advantage at the revealed in Its relatively low pressure recovery at
higher values of aircraft Incidence, but that this low !ncidence (oo 4 5"). On the other hand, its
advantage could be tempered by sensitivity to pressure recovery continues to increase wsith c0o,
sideslip for the wing-shielded concept, reaching a peak of PT2/PTn - 0.91 at U - 20'. The

higher Mach numb*r design und slightly better
shielding of the wing-shielded inlet results in

higher perfor-,ance at high incidence, reaching a
, maximum pTfro- .97 at ao - 20".

iam-

WINDI •e Sim t SI $W

1- 
* 

I I // 
tOJ.u.

liiij LM

I r / / /

'G 5.65 SHIELDED CONFIGURATION VECTOR FLOW o"
FIELDS; Mo=2"2, ao0=15 o =l=4'

2.5.3,6 Performance of shielded comoresslon surface , , a

intaekes

(a) Rectangular Intakes t 0.1

Fig 5-66 depicts shielded horizontal ramp intakes
along with the locations of total and static
pressure Instrumentation. Instrumentation in the ,..,

short (L[D - 2.92) Mach 2.5 design wing-shielded _ "..... -
Intake is essentially the same as that used In the 5€. "1"0tt

side-mounted Inlet (Fig 5-62). The longer (L/D - ANGI.E OF INCIENCE
5.8) Mach 2.2 design fuselage-shielded Inlet,
however, Incorporates no throat or duct total FIG 5.67 INLET PRESSURE RECOVERY, TURBULENCE
pressure probes. Since this was a single AND FLOW DISTORTION FOR THREE
Intake/single engine concept, throat total pressure INSTALLATIONS; M= 2-2, f3o= 00
rakes could not be Included without disturbing flow
at the simulated compressor face.

Both shielded intakes significantly exceed the
performance of the side-mounted Inlet at high
Incidence although, In terms of compatibility, the"simple, fuselage-shielded Intake Is the only

QD concept which consistently (-5' < a~ 0 25')
exhibits acceptably low levels of turbulence and

"dynamic distortion index. The dynamic distortion
Index of the wing-shielded Intake exceeds the limit

__ level at ot - -5' %here Its IK/L PEAK - 2.3; and
the side-mounted Intake (as noted previously)
exceeds the limit at 0o - 0" with K/L,PEAM- 1.12.

Examination of throat flow fields in Fig 5-68 shows
that the wing-shielded Intake at Mo - 2.2, a, - 15"
produces much more uniform throat flow than either5m, the side-mounted or the isolated intake. At 0o -

-5', however, both flow field and Inlet data show
evidence of a strong vortex, possibly originating
at the wing junction, lying near the wing leading

FIG 5.66 SHIELDED INLET CONFIGUIATION edge and evidently intersecting the outboard
sideplate of the wing-shielded Intake to produce a

AND INSTRUMENTATION large fall In performance at that point.
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(b) Half axisv)metric Intakes

In Fig 5-71 wing-shielded half axisymmetrIc intakes
from Ref 5-14 are depicted. This Intake and the
one in Fig 5-56 share a common semi-conical
compression surface with a fixed first cone angle
of 18'. A porous boundary-layer bleed ,s provided
on the second cone of euch of th•.se Intakes,

,low., ,. olm al, M. . F spanning the region of the normal shock location.

FIG 568 INLET THROAT TOTAL PRESSURES Boundary layer bleed flow is routed through the
diverter, discharging through the s..me secondaryCONTOURS FOR DIFFERENT INLET flow metering systems used for th, rectangular

INSTALLATIONS. Mo=2"2, a(o=15,* Be:00 intakes. Both intakes also employ lip. throat and
duct rakes.

The excellent performance of the wing-shieldel
Intake at higher •o is negat •d by extreme

sensitivity to sideslip. Values of pressure
recovery, turbulence and distortion index over the

sideslip range -8' < Oo < 8" at Mach 2.2, aor- 15',
are shown In Fig 5-69 for the three insta'lations.
Here, the fuselage-shielded intake is seen to be
essentially free from sideslip sensitivity while I -
bo.h the side-mounted and wing-shielded intakes
exhibit extreme sensitivity in terms of all three
performance parameters, exceeding distortion index . ,,. ,.,

l imits at i~ 4 L.

0*0 DISICRG

i-i.mi ohiFIG 5.71 WING-SHIELDED HALF-AXISYMMETRIC

ol . . 'l INTAKE AND INSTRUMENTATION
The two half-axisymmetric intakes have different

I1•7 !/duct lengths; the side-mo.unted intake ha an. L./D of

2.99. As the shie'ded intake, "sees" less flow
angularity than the side-mounted intake, it was4t designed with sharper cowl lips and it has less

i•lla offset from intake to compressor face.

" .uow -No flow fields are shown 1, the wing-shieldedr' half-cone i ntake because I t exiiibited no• "significant sensitivity to manoeuvre conditions.

-4 [-• _:.'p Its superior performance Is obvious in the summary
R.- lisli. charts shown in the comparisons in the following

0 i -I sect ion.

FIG 5-69 ........ 'I .................
INLET PRESSURE RECOVERY TURBULENCE AND 25.3.7 Comparison of oerformanc. of shielded asd
FLOW DISTORTION FOR THREE INSTALLATIONS unshielded rectangular and hal f-axisymmetric

Me= 2"2, fo:O° ie

Progression of flow in the wing-shielded intake at This final section compares rectangular and
,to - 15", 0, - 4' is shown In Fig 5-70 where half-axisymmeetric Intake performanct.. At Mach 2.2

Inboard flow separation at the cowl lip and throat it Is seen (Fig 5-72) that tMtal pressure recovery
Is seen to expand to produce a near-classic 180" sensitivity to incidence no and sideslip 13. for the
circumferential distortion pattern at the engine five configurations varies greatly. Wing-shielding
face. is effective for both rectangular and axisymmetric

Intakeg, resulting in high pressure recovery from

Au1 0 O - 0' to 25'. On the other hand, both side-
mounted intakes exhibit sensitivity to incidence,
with the performance of the hal f-axisymmetric

,, Intake droppi -g off rapidly above no - 0'.

Fuselage shielding Is also effective at Incidence.

At no - 15*, the performance of all but the

fuse lage-shleIelded Intake deteriorate rapidly with
Increase In sideslip angle. In particular, the

' wing-shielded rectangular Intake which produced the

highest recovery In the range 10 4 a0o < 25" Is
,extremely sensitive to sideslip.

FIG 570 WING SHIELDED INLET TOTAL PRESSURE
CONTOURS. Me= 2'2, 0(o=150
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Dr. 15. SIDE-M"UNTLD REC YAXGUL iM IN /AXE ;APr•
R.0 (aSELO8~W50MIULS 1085't5 z 0 {o=15 os$tuoll -

AFUSELACE-SHIFDELDED01
o'.-l.. D SIDE1-MOUNITED AiX'LSIY Tl 1 09

uWING-2SW~EILE si0: -

A' -. 006 -0 .1

.I -* - I0-2€•

I,° 5,.8 , I

0 0'. ,"0 004 0

IN CiONE Sdieg-) 00 0 s 00 15 20 2 0 i
0:..50 Zd D

FIG 5.72 COMPARISON OF RECTANGULAR AND 0 10 , , o
HALF-AXISYMMETRIC iNTAKE 20 I = 1 0-o
PRESSURE RECOVERY AT Mo--22 61 -,r1 /A, =0,79

The wing-shielded rectangular intake is also shown (0d
to be much more sensitive to negative Incidence 0 I (C Id)

than the other Intakes in Fig 5-73. Here, the peak

dynamic distortion parameter shows the seriousness I -u ~ - I0 0 5 s 0 2
of this intake's performance deficiency at moderate, -0a
incidence and leeward (positive) sideslip. 0 , 10 i0 a25

FI6 5.74 EFFECT OF UNDERBODY SHIELOING FORA
0" Ot-o.,sa tt•o0100 ....01 PITOT INTAKE AT SUBSONIC AND

HAL-A 'SYME ISUPERSONIC SPEEDS

F ; o2"20 'o0LOU

Jurbuenceis uhhghrtaithrIlt at high EFET FUNESRAESH0DN/ T 00

HALF-AXYMMETRI INLE PEAK

incidence. All Inlets except the fuselage-

shielded inlet show some sensitivity to leeward At super'sonitc speeds the lambda shock that0 forms on
sidesliip, both the bonoy and wing undersurface becomes complex

in form ,#here the two shock patterns Intersect as

Both steady state and dynamic distortion indices illustrated in Fig 5-76. Recovery increases with
show the some trends except the wing-shielded increase in incidence due to the reduced local Mach
half-axisyssoetric inlet and the fuselage-shielded number but engine face flow dis~tortion is worse
inlet which have low distortion. The importance of than for the Isolated intake as a result of the

high response distortion Is seen in that the complex shock riod boundary laoyor interaction on
(K/KL)PEAI values highlight side mounted inlets ac body and wing ,ootdersulrfacc.
having manooeuvre problems which is not obvious from
steady state data. SI, I 'I, I I1

253. eromaceoosilddeititaes____-•I .III 7 -

The advantage of underbody shielding at subsonic ),• .. tI, i. /.........
speeds is shown in terms of both reduced losses •

compared to isolated pitot intake values (Fig 5-74a aa.1
& b) and reduced mean local incidence (Fig 5-74c) ,. • Core. Shoo *it

ff'At supersonic speeds the Increase in recovery o.,*=,-••- • .. ,,•,, ... ,••. -. ...

Shilelding under a wing o, strako for a side body ,o ..... '•. ••i-.
intake is more difficult because of thoe presence of _______ ""•* m,*,
both body and wing boundary layers. Again, losses ,
are shown compared to those for an Isolated intake r)-'f'-l- / Eg.g .....
at Mo 1.9 in Fig 5-75 and also, the reduction in , ,4L.
effective incidence. In this case, the wing 08

strake reduces the mean local incidence but at the FIG 5,76
expense of soome increase In sldewtalil angle.

PRESSURE RECOVERY AND FLOW DISTORTION AT

INCIDENCE FOR AN INTAKE UNDERNEATH
A STRAKE AT M0,18 (REF 5.7)

_~~ ~~ ~~d 0J , 1.... ,, ......
0 0 0

"Ir - ... ..
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Another example which shows a comparison of the two The F-ill airframe-intake (Fig 5-79) design
pitot intake positions, underbody and underwing, at represented one of the earliest attempts to improve
subsonic speeds (Fig 5-77) again emphasises the airframe intake Integration In a tactical aircraft
advantage of the underbody layout, particularly at and important lessons were learned (Ref 5.19). By
high incidence and low to moderate angles of tucking the inlet under the wing in an "armpit"
sideslip. IocatIon, the intake was shortened (for lightei

weight) and the win& was used to shield the Inlet
<-_.z " and thus provide high pressure recovery and low.L [ distortion in supersonic manoeusring flight.

09* EM-I UNDERBOM' INTAKE
-*- tM-2 SIDE BODY,

""9 UNDERWING INTAKE

Lew SB~(S0

00 ' - 60 70 )"1011

"Ut OF550 N09001-

' SPLIT111 eýn

4-0GI OF tio=(
" -". FIG 5.79 F-li IA CACTICAL FIGHTER

Unfortunately, there was Insufficient information
aL the time to alert the designers adequately

concerning (a) the shedding of low energy fuselage-U L L" I'! Iair into the Intake region at incide..... (b) the
(REF .18) tendency for flow separation to ocre- inside the

2 .1" (REF 5.18) sharp cowl Ilip at high Incide......nd (c) thle

Min •engine's response to time-varying distortion. The-0 I original complicated Intake dt: iin also attempted
_21_ /to use boundary layer passing tin ugh upper and" • lower side-plate slots to act as engine --,ling air

on its way to the exhaust nozzle ejector. TheFIG 5.77 COMPARISON OF UNDERBODY tortuous flow path over the engine resulted in low
SIDEBODYIUNDERWING INTAKE PERFORMANCE cooling air flows so that much of the boundary

layer air spilled Into the intake. Eventually,
General Dynamics was forced to (a) move the intake?5.4 technology Implementation in current aircraft further outboard from the fr-lage to avoid
excessive ingestion of the low energy fuselage air,Post-1965, the response to the requirement for (b) thicken the cowl lip to avoid high incidence

Increased manoeuvrability of supersonic fighter separation, (c) modify the conical compression
aircraft, had a major Impact on the design and surface boundary layer bleed and (d) placedevelopment of many current aircraft. Whereas the diverters In the side plate slots in place of the
drive for Increased speed In earlier years had engine cooling scheme. The lessons of the F-Illcaused aircraft intakes tc become more and more flight test experience led to a major revival ofcomplex with time, there has been a conscious research into airframe-propulsion in the following
effort to keep complexity to a minimum In current years.
aircraft. In Fig 5-78 the trend of correspondence
between maximum Mach number and design complexity The F-18 used a type of wing-shielding similar toof the intake system Is shown. This correspondence the F-111, but (in the prototype YF-17 version)
is due, in part, to the Cact that US aircraft are provided slots in the ront of the wing leading edgebeing compared. European and Soviet designers extension which al lowed the escape of fuselagesometimes tend to place greater value on simplicity boundary layer. These slots however Caused high
and/or light weight than upon high pressure wing drag. McDonnell Douglas closed the slots and
recovery and low drag, provided additional boundary layer control as

11G951K ,•' -&- - • ..-l•,,.e--,-t necessary (Fig 5-80).

Allll / ____ S¥_ r- I 2 MAC

T~g .~ / CIASS 7-.

TI/ L _ __ _ L_ L _ k _ _k _ ________ i ......... _,°,.Iu ,, ......

it 

.... 
/ 

t

"Il l I I IIAI Co I I I -I II E,
-~ 7 ~2.0 -2.2

,' / MACH~ 251majd E- 0-1

FIG 5.78 TREND OF INCREASING COMPLEXITY WITH
INCREASE OF MAXIMUM MACH NUMBER

-1 INTAKEmFIG 5.80 F 18INAK ia-
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The F-16 employed fuselage-shielding and avoided Simple design measures can be taken in tho detail

the problem of fuselage boundary layer Ingestion design of intakes. The effect of ilp contraction
while maintaining the positive aspects of ratio on the performance of isolated pitot Inta-es
shielding. at incidence has already been illustrated in

section 5.2.1. Shaping the lower lip by cambering

A unique approach has been implemented in the it outwards and increasing the thickness (with

French Rafale fighter aircraft (Fig 5-81) which respect to the upper lip) can enhance the effect of
would appear to share aspects of beth the F-16 and a choscn overall contraction ratio as shown' in the
F-18 shielding concepts. Rafale designers have sfde intake performance at Mo 0.9 of Fig 5-83.
avoided some of the subsystem interference problems
of most fuselage-shielding concepts with two - 19
engines while still retaining woat appears to be a Ap 0.14 -
significant amount of fuselage shielding. The N0 0-12! - 1 0. 0.16
unique fuselage shaping provides a considerable ~ ,o~aos'A
amount of boundary layer relief at high angles of 000 GO.,5 -nCo ,,O

incidence, allowing low energy air from the 0o-1 t J
underbody to flow through the diverter region and 006 R, 010

be spilled above the inlet rather than be shed as 004 0 08

vortices from the underbody into the intake region. 0 02,, 00 -, -

0 , s 004.
S03 04 05 06 07 0Ml~h 002

: •DE-0, %',-02 g-
0. 04

0304 0.5 U-607 0- OH5h 03 04 0-5 06 07 I1h
CHANGE OF CONTRACTION RATIO AXfSYMMETRIC COWL LIPS

(SYMMETRICAL) (C.4=1-75)

D5ASS010TRAFALEA FIG 5.83 EFFECT OF SYMMETRIC & ASSYMMETRIC LIP

THICKENING & OF LIP CAMBER (REF 5.15)

X jA small permanently open lower lip slot can also
improve pitot intake performance at incidence as

shown in Fig 5-84 at Mo 0.9.

FIG 5.81 RAFALE- INTAKE & FUSELAGE SHAPING

The Northrop F-5 reduces maximum Mach number to 0-1 SYMMETRICAL SYMMETRICAL
1.4-1.6 but puts a premium on high subsonic and 0R=1.2S CR=1.35

transonic manoeuvrability and simplicity. The AE1 0ý08
Intakes only require a diverter and side plate to Pt0 0-06 --
pievent boundary layer Ingestion and shock-boundary 0.04.
layer Interaction. The F-20 version w.ith Mach 1.9

capability uses fixed vertical compression ramps 0-02 125
with distributed suction bleed, 0 d t tosed 1 35

0"3 -"44 05 0"6 .7 Mtfh

The use of side-mounted semi-conical Intakes on
France's Mirage series of fighters and Israel's -0.2 --
Kfir (Fig 5-82) shows an approach emphasising light .C, - _ -
weight, low supersonic drag and simplicity. The 0

use of side-mounted seai-conical intakes in highly 0 3 I 0 0 0
manpeuvrable supersonic fighter aircraft would 0304 0506 01 Mt
indicate high distortion levels, but both Mirage

and Kfir are powered by turbojet engines with FIG 5.84 EFFECT 9F AN OPEN LOWER L;P SLOT (REF515)
rather large stall margins.

The retrofitting of a blunt leading edge to the

Mquarter circular centrebody Intakes of the F-111
aircraft (Fig 5-44) to improve pzrformance under
subsonic manoeuvre condittois has already been
noted.

•DESIN OW -D"SURFACt S T 5 6, 4.- '... A IT- NAE LIP

V3 6 . Iil

, URD{Y ULINC E wj "DISTORTION

O 0 20 0 e5 20 - 0 IA10

ANGLE OF INCIDENCE aoc deg

00070

0006
BASIC 0C0 0 0005 0 H 0

06 $-rboard Air 10t-.. 0 001
, , tOS• 5.1:-Co.1 Oyamiung Jack Mo 00ODFIE 0000
98 b.mdun toy.r Nct6s0 0062 0- . . 0 o 00017 ca" wal Bat shield

0 rentake Wt0 01 07 0I 09
,01 ... .. .FI 5.85 INLET MASS FLOW RATIO-AolA,

FIG 5.82 MIRAGE & KFIR FIGHTERS EFFECT OF LIP GEOMETRY ON INLET PERFORMANCE
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There can also be a favourable effect at supersonic CR= .-I
speeds on all Internal performance parameters by
changing from a sharp to a blunt tip but at the
expense of an increase in external arag as would be ý \4SI0EWAL1
expected (Fig 5-85). STGER• ANGLE

z0° 30' SO*
Similar data was obtained In the course of
designing the Tornado aircraft. A substantial
decrease In Instantaneous distortion was achieved
in the Tornado intakes by blunting and decambering 0 3$ , 

0 9
C, "O3;

the cowl lip at subsonic speeds as shown in Fig .30. as
5-86a. Again, however, at supersonic speeds, the J,, 0 *0
chann~e In cowl shape resulted In decreased maximum 0 2
mass flow and Increase in cowl lip shock stand off Yt 35V
distance (Fig 5-86o) and hence, penalties In
external drag. 1 0,e 0

0 00s0 1-
CC03 01 00 o1 07 m 0 01 .s a, 07 :0

ýCý2o COW 1o,3 PEMTICý 11•
hOEK 0 00 E I0

oos' - FIG 5.87 EFFECT OF INTAKE STAGGER AT M,=0.9
........... (Ao;Ac< 1.0)(REF 5.15)

FIG 5.86
EFFECT OF CHANGE OF COWL LIP SHAPE
ON PERFORMANCE OF TORNADO INTAKE(REF 5.20)

Grumman and MeDonne I Douglas both employed
side-mounted, ihorizontal ramp external compression LIP

Intakes to provide the built-in adjustment to
manoeuvring flight on the F-14 and F-15. The FIG 588
overhead ramps help to align the flow with the
intakers at incidence in the same manner as the use BRITISH AEROSPACE EAP AIRCRAFT
of entry plane stagger' in pitot intakes noted in WITH HINGED COWL LIP
section 5.2.1.

Further exadpis of the effect of stagger angle andwn
sidewall geometry at Mc 0.9 and c 35 on side Pta / 5, SO- 1531010
.. :-,Ke performance are shown in Fig 5-87. At 50 // .1 n

stagger angle because of the high shielding effect 1 3/
cf the upper lip, this performance i; virtually TOIAL / // 0" 0 z
inwal ;ant with capture ratio (and hence Me) ptS sTi./t. C/WI LP

prov!ded Ao/Ac < 1.0 but as stagger angle o 00' 3:
decreaoes, this Independence reduces and becomes
similar to thie dependence on Mth and Ac/Ao 03 05 07 09 Mlh
illustratei In Fig 5-58 for the unstaggered intake. FIG 5.89

PERFORMANCE OF INTAKE WITH HINGED COWL LIP
Much of thr, reccunt work In tuctical Intake variable AT SUPERSONIC SPEEDS (REF5.7)
geometry research has centred around inoreasing the
manoeuvre/acceleration envelope of the aircraft
This requires high pressure recovery and low
distortion over a wide range of flight conditions.

The most obvious act ivE means of increasing PR I

performance at high incidenc, is to hinge the lower
lip of the cowl. The European Fighter Aircraft

(EFA) uses both underbody shie~ding and a hinged
lower cowl lip (Fig 5-88). The favourable effect

on losses at subsonic speed iond high incidence Is 9 -

shown In Fig 5-89 and there Is also a favourable
effect of the hinged lip on intake eificiency at
take off conditions (Fig 5-90) 0.9" A

WAT 13
The hinged lip can also be oriented in the opposite
direction to affect drag in a favourable sense.
The effect on spill drag is taofold as shown in Fig FIG 5.9 0 rnCFORMANC OF SUPERSONI INTAKE
5-91. Firstly the decrease in capture area as the FIG 0 "ERFORMANCE OF SUPERN IC INTAK
cowl lip is lioigeo upwards towards the fuselage WITH HINGED COWL LIP AT STATIC
means that smaller amounts of flow need to b* (TAKE-OFF) CONDITIONS



spilIled. The shift of the curves to the left at Oc where It can be seen that the advanced intake gives

- 12* is because the non-dimensionalisiflg capture far superior performance at extreme manoeuvre

area Ac In the flow ratio Ad.Ac is based on the 
0
c points.

- 0 value. Secondly, there is a decrease In slope

of the spill drag versus Ao/Ac curve resulting from

the Increase in cowl projected area and hence cowl A,."o-o'

suct ion force as 
0
, increases from 0' to 12'. At \o.. .rUp( )

supersonic speeds however there is an increase In

wave drag at full flow from this same increax~e in _

cowl projected area (Fig 5-92). FIB~ r~*?hItbP

DRAG0.'

C toP[LLo1 ANGLE OF IN CIDENCE -deg.

N0  01
20 00 PEAK - T -- -

ISbCRTO .1-4.
14. 0 K tA

S 095 00'-

06 0'
60.2 04 0-6 0-6 10 12

0 I a a a -

FIG 5.91 EFFECT OF COWL LIP ICNA ONANGLE OF INCIDENCE - deg.
ON SPILLAGE DRAG FIG 5.94 COMPARISON OF PERFORMANCE OF

CURRENT & ADVANCED INTAKES (REF 5.8)

IN I ,, ASTE For ramp compression surface intakes at supersonic

0005- speeds, adjustment of the second ramp angle is made
FULL FLOW 0to compensate for the increased (or decreased)

0, ' 0 strength of the first oblique shock when incidence

00 Rto"0i changed. This enables the Intake to retain a
0, .12. AR 95 .P near optimum shock recovery bu~t probably more

-0 5 0 0:468 '2 '6 2'M '1, '4important ly, contributes to better engine-inlet

matching. For added flexibility of operation at

FIG 5.92 CHANGE IN COWL DRAG AT FULL FLOW Incidence, he whole forward portion of the intake
on the F15 aircraft (Fig 5-95) can Incline

DUE TO COWL LIP INCLINATION downwards.

Other variations to the lower cowl lip are possible '1-2

V much the same vein as high lift devices on wing 2
leading eiges. Fig 5-93 shows a comparison of the
internal performance of the simple hinged leading -

edge with a more complex cowl leading edge slot and

a blown leading edge. Blowing is geometrically
simple but uses high pressure air from the engine FIG 5.95 ROTATING FORWARD INTAKE IF-15)
compressor which results In an engine thrust

penaty.For an axl~yssoetric centrebody Intake, increases in
M=0-0 performance can be obtained by both staggering the

KUER MSCIiE0.J TUBU cowl lip so that the shock does not enter the lower
PIZ/ IF li5, ~ P I At i p and by pivoting the centrebody (Fig 5-96).

-- M I pivoting both centrebody and cowi however Is
,0 necessary to achieve maximum insensitivity to

BONLE 00 \_02 04 Oj Increase In Incidence.

BAS I( (OWL L E BLOWING

IJmoa 09, 00

COWL FLAP 08 P 0

00 06 521 5 00050

FIG E_.93 COWL LIP LEADINC EDGE DEVICES 22.

The benefits of opt imising airflow maching.

boundary layer control and variable geometry In a
complex design at subsonic speeds can be seen in FIG 5.96 EFFECT OF CENTREDODY PIVOTING & COWL
Fig 5-94 A rectangular advanced intake Is compared RAKING & PIVOTING ON AXISYMMETRIC
with current fighter intakes at various conditions INTAKE PERFORMANCE AT INCIDENCE (REF 5.71
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Concluding remarks 5-6 Goldsmith, E L, 'Forces and pressure

distributions at subsonic and supersonic speeds

Intake Integration on circular section pitot Intakes', ARA Report
75, Jan 1990.

The stream flow approaching a side-mounted intake
Is significantly disiorted by the forebody, 5-7 Seddon, J & Goldsmith, E L, 'Intake

especially In manoeuvring flight. Horizontal ramp aerodynamics', Collins, 1985.
external compression Intake designs are shown to

have inherent advantages over vertical ramp or 5-8 Richey, C k, Surber, 1. E & Berier, B L,
semi-conical intakes for agile fighters, but it is 'Airframe propulsion integration for fighter

also shown that careful Integration of the intake aircraft', 7th International Symposium on Air

to provide appropriate shielding can make an Breathing Engines, Sept 1985.

enormous difference In pressure recovery

performance and inlet-engine compatibility. 5-9 Brown, C S & Goldsmith, E L, 'Measurement of
the internal performance of a rectangular air

lotakes intake xith variable geometry at Mach numbers
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The design of a tactical fighter air intake results
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against complexity and weight, driven by overall 5-10 Surber, ! E & Stavy, D J, 'Supersonic inlet

aircraft mission requirements. It is difficult to performance and distortion during maneuvering
separate this design compromise from the flight', ACARD CP-91-71, Inlets and Nozzles for

consideration of inlet-airframe integration, yet Aerospace Eni.ies, December 1971.

there are a number of issues related directly to

the Inlet design itself. 5-11 Antonatos, P P, Surber, L E & Stavy, D J,
'Inlet/airplane interference and integration',

It has been shown that the inlet configuration can AGARD LS-43, A_.rfj:lA ije g.jno _lnLkration, May

reveal much about the intended aircraft mission 1972.
application and the overall system desigi'
philosophy. 5-12 Richey, U K, Surber, L E & Laughrey, J A,

'Airframe/propulsion system flow field

Intake design requires a thorough understanding of interference and the effect on air Intake and
the various fa-ets of inlet perfoimance and the exhaust nozzle perrormance', AGARD CP-150,
flow field phenomena which affect them. To this Airframe/Propulsion Interference, March 1975
?nd, the discussion has d,:,It with the basic
measures of performance and has outlined the 5-13 Surber, L E, 'Effect of forebody shape and
primary flow field phenomena which must be shielding technique on 2-1) supersonic inlet
controlled. Specific design considerations performance', AIAA-75-1183, September 1975.
involved In maximising pressure recovery,

minimi.tig drag and controlling the flow for 5-14 Surber, L E & Sedlock, D, 'Effects of
improved uniformity and steadiness have been Airframe-inlet Integration on half-axisymmotric
discussed, and two-dimensional supersonic inlet

performance', AIAA-78-960, July 1978.

5.-15 Goldsmith, E L., McGregor, 1, 'The etfect of

intake geometry changes on the internal
performance of a rectangular pitot intake on

the side of a fuselage. Part 1: Subsonic and
Transonlc Speeds', PAE rR 88070, November 1988.
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LSME, September 1962. Speeds', RAE TR 88071, November 1988.

5-2 Tindell, R H, 'HIlghl compact minlt diffuser 5-17 Goldsmith, E L, McGregor, I. 'The effect of
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tj6 VSTQhL ARCAEU INTAKElS, fL ESQ 2 6.2 GENERA! SQ1WEPIS. SPEC!FCEAML$O

PERFO~c ILIJQITEIU-il VEHICLES ANj FUTIEg

2.61 ItETRODUCTION One of' the fitrst ioilgit approachtes to V/SIC!. was

2.6.2 CENERAL CONCEPTrS. SPECIFIC EXAM.PIZ:S OF with fived, ?itect lift engines, Wilt engines
FLIGHT TESTED VEHICLES AND EPTURE ccated either n the t~eaeor In wifr moutntted
POSSIBILITIES pods or nacelies, (tcf' 6.4-ti,6) is t hi- pttellcil

ift ettglttex of' the ft. 31 attd the fuse lage
2.o.2.l1 Fixed, Dit-ect Lift Engitte intakes :itititted t ift engines of tile 62W1. itt this

approach, specially desitiled, shtort engines, are
2.6.2 2 Rotating Engine local~es evatsted with their axes near ve-rtical or with 4

small tilt forward to p-ervide a snail component
2.6 2.2.1 State-of-tbe-\rt Experience of thrust in the forward direction. 1these

tttgties operate only duiring IfI t -off cc londing
2.6 2.2.2 Futuro Possibilit'es inod are tarned off dluring forward or cruise

Ylight Separate, hor iz~ntttally xou,sricti hrs
6.2.3 fixed Hlorizontal Enigite with Fli-a engine~s, ace used in cruise, whihch 1sunilly emvloy

[liiverte- sc-real conventional inlets. The fixed direct
lilt. engines must llto carriedl as a nc-it-useful loadc

2.6.2.3.1 State-of-the-Art Espet lence irsis poiint to pohitt and subtract frosti the miaxinow.
xoflload lthat stiptit be cart lcd tttherwi on

2.67.3 .2 future lossuilitties
The inlets of the certwhal lift enigitis toil fit-

2.o.3 PERPORIAANCP OF VSTOL INTAKES :N STATIC attt iticidence angle of about z.ero degrees at zero
A1ID TEAXSIEXI CONDITIOS and), %cry low; forward speeds to almost 90 degrees

inlcidetice In t runsit inn to forward Fl igiti. These
2.63.1 The Vertical Axis Inlet cotahit ons mo~st hr ne~t while onoixiom thrust is

beoittg demanded. Toe design and performan-ce of
2.6.3.1.! Inlet Physics the. podded lift engine~s of the 9/STLot transport.

P-rtlJer 31I will he deuct-ihed in pars 6.1.ý1 .
2-b.7 1.2 The Llft Engines intakes of the IDo 51

VSTOL Transpocrt Aircesit 24J. - r E IZ tx~ap Intakes

2.6.3.2 The Fixed Horizontal Aoli Intake - o2lState--ofk-the n Exuericoce~
Harrier fype 1c oletalseli "h ec-lmn f2 ithe next01 cincpltt: al seai;i tt lbe dhe I osttet tr.

2.6.3.21.1 Dicsrie Proble-ms h /, ipaente~ oKteatmtI
rotatc the engines aro :tuitieol attituide to

2.6.3.2.2 Tolci Preu.;ure Recovers h-,-i 1x. that thesev eng tn~s -:n .;ervv ho~t
for 1i It, a-l. fr., titrate rd p rtii.pol 1sioiti. Ibhi s

2L6.3.2.3 Spillage Drag appr oach lot inldujces a meias ure. of meehiti irca 1
en0ei.si tL otind c.otlplI cit;aes teci:tt;,!*,,ut,ir cxiii cc- is

.n324Vel~oxlty Distribut ion transit ton fecrn '-sri icti tot ?liorh a fI i glt
However, to spite of t:c addetd meccanicnal ari,

2.6-3.2-5 Los-Drag Cowl Section pcii.ioi r\t~ro roiIct A. fiscstic-ptiialI
apprc-ac- al lows tie enginie air- du;ke In, rotate

o.6.3-3 The- Rotalting Axis in-take V- 6-101 ito tie sic-il. i-iailr orextc cn

fix illte totbo-t..iothi at zero spent t-i
it. I iNI~!,()(inN va ui~etiiituast otnd ;tt ;i sittast Pot- sittiv speetd.

t il .1 crnIet -eign Ixr t tu eIaýc an mas I o xr ratc Ilos.
Over theý post IT -i so sea~s severe' I approacithes ( feetdsiStc e n asfIn a s
- a the design of' V/ST61 a i riraft have ices taken. Itic V'/S10t1. esci-o I fghter sit-ctiait VJW Il
each wsith its on-a particular engine or fan air frost ie sc, tt t i ~-w-lIos its ot, evictl In~F
Intake problews. (11sf 1) & 6.2). This sect Inn this-category a-ill beo l-.---tbed In para. 6.3.3.

citllrs the various types of V/STOL ircif tiePsub tc 5 -
lot ikes - tle i r design atol pertecciatice experi ence 21-222ltr ~sli~iR )2
atti som-i of the- r atn i I xcv problems, ouch Ps

tuilat> at: ittlaics, (Eof 6.3). Iige 6i. t hunts t Grtumman lniceiii tisitij; ct-tat itg.
p-li-t torh -lfant -tg itt di.,I n ox ; cot in -1uitd

tic-re p-tr to he ihltCe haste typesý ofi etigitic kttitdip c- wi t t. ig. .itl ettol vsv 1t '-ry s hortI
L ir ti takrs -socoelat ei Ai I tI V/Sý fol- arcrafrt: no, ,I t -lo .i-

-'u -,O Ncrt ti-al asi s inle ts I- I lift ottlyv

-thrust engitte -.t
the islet altos.- axi s rotates frost sort lea!
for l ifIt to hoiztrtontal for craliso thrust , atid '7

thle float% ltitr I-etttai sslax ittlet svitti fch -tits a '
'airisd vti-ifigiteut iott ettgite frl IfI t atnd ~ i
Crulise thlrUit -

Sec.t l Ott 6. 2. iii s-ives t icte genecralI cottcep..v

lon - lit-eati I oui ti theit per f,-nicatii-e of V-S vsiii. '
Inttikcs, uith tcsptecl to thteit udesignt-rt-tr
i-. given lit, Section t0 1 FIG 6.1 GRUMMAN ROTATN'-i 1URBOFAN IDE&iGN



file rotat Ing aft -f-mtmelage--el ith-engine emmnceitt is val1ve I itt the mmozzmIe (Ref u.10-6. 14). Air
emmilmd ied it;i the Cruimismmm inhttcrackerin-V/STOL exhaust Ing fromo the engine's compressor may also
concept for use ott all air-craft cart-ier deck Fig. be bled to prucide a lift ing force. Thle Pegasus
6 ý2. Two large turbofama engimmes ire mounted on engiocn in the Harrier uses this arrangement to
eim her s ide of a tinged aft jos~e lige sutch thmat give two tot amid twvo cold exhaust st reams. m ite
"'heie1 rztam t 111' tmime thItrus t vec t or mosses titroogh performommmc- of tihe air Intake of time Harrier will
tile m-tntre of gravity lf time aircraft bie describemi in para. 6.3.2.

'ime major intmake design problem Itmt this case is
i [/Jjtime gm-eat differencee In the mass flaw requoired

/ ~ ~ bictweemt time lift mode and time forward croise

~ ~ 1  ii232 fe-minu Pesmibilities

~~.A 3iecimmily unimque d1osigtt, Roiis-kmmycc. Fig 6.4,
\mjm(tif 6.21) comnbines time eximammo from time two ma in

etmgilmmc int ma mmlenon wmic~h cam; be deflecte-d fromn
a folIi --aft oc,--zie toa a dc wmmarmlx mie FIected lift
j~mi Admti t i ona I far- Lleed fmomim time two ma imm
eigitmes mra dutin-td throm-ghm rota-. ing tmomzlo_ frame

tiqi & ;ý:C__atm aft direct immn to idownwards ifrt immg ict

FIG 6.2 GRUMMAN "NijEiRA[KER"

1,em roim :e tbi~ia aval ai mje oni this desigmm time podded
mm bin-i an engi ness ppeom to imave a internal nacelitt *.

nmmmi-ý ithm no mmi lowacce for si-il lage md justsment. / 7
imr mmltimate in m 'z mine., timrmxm, vector design ~ 4Ij

itppltcm mmo he mis m-omae time whmole mmir-sroft, as Int
tle mecrm- eurls tm m simmter" a imtraft Time

in-* 11 Li n stl - s Ei "'r ol~r , a US

mmi~ comi-i gm Use Omxc ema m- r rdc-mI. Fig 6.3.

LL -F. CTC EXHAImtm

ii. - ~~~FOG 6 4 R01 IS - ROYCEfELE-OEXAS

IIT -~ :iime m
1
t--1m; m1t; I -t. -

.------ mmmii oa c-mmit miými

F i, 6 3 U. S NAV Y W IR E HANGER CONCEPT
V/S-i; mSmcinl ro-mmm--1 t- mmx- , of-

M 1e girl *e im inn--- Cm mm --pm i mmem 11 m int mm F-I-R m Vile mm I I -mint mef; u...i- i: emmimi c ii t mmtmilmmm
ftm;:~ I i Lm1mto, mmc mgimw mie-im-em mc,-d t lmha,. a t~gm~ 11 mint mmmo mt;1 h -- c l- pmmT--

imInml c-m mm-mi-mli muld tmli -ho, andi -mintt
I'lm megro inx mm mmy dm mct mm min I m is mm mak,-iF
i qt ihe .~I.(tmmmmt mmxa i;av ;t wou mld lmmo-k d-wmm Fig. o1 i Il-ts ;m NASAl k-;i;o-:0

vet i;ttmm mli I;' mm;;; qIi i t-1 ite 'mrt in t mm it:~ asO of tip ;lm scm; ;- wiimh lt1- mici ' l--/ !e, fi-
mm o i -i ii , Hi i. . 1t m soimewhmat s imiim mut mt o t-h o s ti j,- m1 Ifj A mm--si fmmim i- t m om I. ~z,- t1%.,

kv nN- I I \ t a m i xI ii s It t t 1 )57. mmmmcmmmafti mm I mmcc- int1.. IilF[ ;mm i d ,it mm~ i m g mImmm i1mm
mmrblmte c ;fI mmcx serve in;;; gams t"-mt tim;-. mm

time lilim mm d mm llmmmx fammls. Time ii v s 1i ý---m
\-13 emqmmrmetmcc umggem. tihatm t time etcrigin- .mrc typicaml sice moutedmttm duc;t ;mmEt

-lie mi1ing% om mml evetmt c ros s --fl1ow S tamI I of time
"cm t min'. ief6t

2 6' 2 1 p,, SaemfI Amim:,mŽ Immc

Notela

Iv timt, case mmf a fly-min imrivmmtttll axis enginme, cmmmm' m -- mLm
cx-c rim I aIfII t mutt lie -itta immem imy mci flem-t I mmg a[ FIG 6.5 NASA rIP DRIVEN FAN DESIGN WITH
mitr lart of time enmginmes' exhmaumst dowmmswards by a DEFFLECTING NOZZL ES
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The Dornier "LSK' PROJECT. (Ref 6.16), a lightANLOFARLWUN
hovering combat airplane, as shown In Fig, 6.6, 3,2 ANGL OF AIFO -UR

has a simi lar configurat ion except that the K_ E)/i
s Ingl e eng Ine, ,pe rat ing as a gas genet at or I s V
supplied by an inlet at the base of the vertical V 2,E
tail and instead of using a diie.Žeting nozzle It 90
uses turning vanes In the slipstream.2,

2,0

1,66

/45/

1rhrost doailecting silas 1.2 3

Gat dtriven nose lair - --

FI, 6-6 DORNIER 'LSK" PROJECT 0,4 0

2.6,3 -__ .fERORMANC ' OF V STOL INTAkESq IN STATIC
AND TrRAtjSIF.NT CONDMTONS

,he D~ornlrr Don 31 (Ref 6.17) the MOB VJ-1OIC,04 08 12 1, 20
tRu:'s GAS & 19) artd the ia'-rier, (Ruf 6.20) have VOfV 2
boes chosien fo r purposes of performance
'rcr-siderat ions as representative of the three FIG 6.8 FORCE RAT;O TO TURN AIRFLOW

.ncategutr en of .1/STr)L intake design. THROUGH 9- DEGREES

26.3 TheVertical ANis Inlet

Tihe probhlem of' intake design Is unique For the 
I1fise.d, vorticali lift engine in that in forward v

fli ita rue roilet air must turn througir a large i
arigle faienr '90 degrees) from the free stream I1Vnrv 2 2.0
diror: iii litte the engine inlet duct. Such a JI
'err re~q;1 re at large turning forre per air mass I/

fl;wV: Fig- 6-7, shows a scirentatie ci a gien [.I

th I tenit i fg I Iou..F

o.. verpre'ssure --. -I
K K16 12

S. C 4

attdenijressste V2 \ kV

Staone xf the cxst.,r

%vVO IG 6.S VARIATION OF FLOw VELOCITY~ o 7 \ON SURFACE OF INLET
vvV2yii' 2 .- PD)ixF 2  K 2 6.3.1.2 The 1A rT ingEgnes Intakes of tIfe DonV momrentumn 31 VSqTOLTrattsuort

Fig. 6.101 shows the aircrift configuration with

ilu 6 7 SCHEMATIC DIAGRAM OF AIRI'LOW Pod, fat tn.L lift engine at the witng tips. W ind
TURNINGi INTO INLET DIiCT I irtittl tests were carried ont ott the Donroer Do

31.- foetr-engine-vert ical I Ift naee Ic Ite t early

.a Frcý)it he eat ornr anI aposiive 10601 (Ref 6.17i. A schemnat ic diagrain of the

:.ieor,,'... forrce oni tite far ranier Is :equired to
aurt xh floe; thrtotugh iho tingle ii. A fo~rce

I g iUsing ronnleritt in thieory , is shownt onf this
iifene tri ultich tire horizontatl arid vert iral

!o1'-,e -an) be determined. rhese tar
r-'pu'' artr thirei ie usqed to tird thre resultant Z

f,- t" 1i, result Is shiteot plot ted int Fig. 6.8.
ih- ,,i r vevrfity nitl tite near atel For sutrfa~ces of

tie itnlct illi v-ary as shown in Fig. 6.9 F~rt

FIG 6.10 VTOL TRANSPORT AIRCRAFT 'Do 31"
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nacel - is shown in Fig. 6.11. Tests were made Fig. 6.13 shows test results for the engine
with and without a cascade of turning vanes in Intake model tested, both without and with
front of the first engine intake and with and spoiler for the cascade equipped nacelie.
without a spoiler at the ergine exit. Tihe spoiler, used to create a suction on tile

under-side of the nacelles, has a large effect on
Z7 the first engine (about 40 percent). However,

its influence decreases on engines 2 and 3 and
give a negative effect on engine number 4 for an

angle. of inc!dence greater than 4".

The row of intakes must finally be investigated
for distortion at the engine face. Fig 6.14

P N Cascade!cosarodos, presents the test results for the b-Zuu distortion

. i. a 'factor for engines 1 and 2 without a cascade.
The dashed line shows the comparison of

distortion level with a cascade for a 6" angle of
2 2. 3 4, incidence. The presence of tihe cascade gives a

marked improvement at 6', decreasing the

j PEý distortion from -1.1 to -0.6 for engine nc.
1 

and
from -0.7 to -0.3 for engine no. 2, both at Vo/V,

FIG 6.11 - 1.5.

SCHEMATIC OF THE VERTICAL LIFT NACELLE The measurement of a distortion figure below the
limit curve for the configuration without a

Figs. 6.12 (a) and (b) compare the total pressure cascade, o - 6 and 3' yaw, as shown in Fig.
iecovery measurements Pt,/Pt0 without and with a ,.!4, demonstrates the need for a cascade. The

cascade, at low inlet speeds, V0/V2  - .. addition of a cascade brings the point upwards,

corresponding to engine start at the beginning of into, the operational range, even with a yaw angle

transition for a vertical landing. The cascade of 5

improves the performance of the first intake but

seemingly has little effect vn the rearward v20 0806 2 02 04 08 08 0 120000,02.ad -4 o s 1 • • 0 o •0 a 1 • t

o 2 4 6 0 2 4 002 O.0"

p. . iO ,h~. ~.2. . ..
Svo = ,,oo.- Pl.,

I. 0202nle Nr. 1 .60 ,

InEnt NN,. 2

020,0s 3 a004 s02 n~easo~ed
Ca) (b) , ,• ,.,

FIG 6.12 TOTAL PRESSURE RECOVERY VERSUS FIG 6.14, DC60 DISTORTION PARAMETER VERSUS
ANGLE OF INCIDENCE VELOCITY RATIO AND ANGLE OF

A pr-oblem in the• design of vertical lift engine INCIDENCE, INFLUENCE OF CASCADE
aircraft is that of in-flight start of the .32 Tefsd oronl'xi
engines prior to landing. For engine start-up in tkttr'e • .i2)

flight it is necessary to have a positive total
l):essutre drop across the engitne to provide air 6 .3.2. rlesigen Proiblecs
flow to windmill it up to starting rpom. Thlat is,

(P7 P~x.
1Fto 0mst he greater than zero witere PEX Fig. ih.15 shmoos thic generil co~iifigiurat i,, o tile

is tiue stat i pressure at the exit of the engine. HParr icr. The slperiaI prohilcmos of hori zonial
2

,-C It , 1e N, ViSTOL li tt abes arise from 2tIte munit a i yL C-e -
_.2. F----_--- - runt radiIcitory des igtn requl remueft .s for rru ise

'• 'fllglt and vertical lift off 7o0dii ons.

'solarge mass flow at very Ilow forward speeds
• .comparatively uloa mass flow at hoighi forward

/speed over a large rantge of ioe dence.

0 , N, I

N , 2 
E -9 N ,

FIG b 13 TOTAL PRESSURE DROP THROUGH ENGINE I
FOR STARTING VERSUS ANGLE OF INCIDENCE FIG 6 15 V/STOL LIGHT ATTACK AIRCRAFT"HARRIER

air raf is.. tI I ba rln I I Ih st r of. . .. .th 6 .3 . 2 The fi\ d l r z- Al
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7isa requirements are difficult to achieve with aW
fixed geometry Inlet but car) be obtained by mears
of variable geometry.

The large mass fi a required at low spekds needs
a large entry arta for the intake. Tflu3, during

hligh-speed :ruise ar low altitude the airflow
s* iliage Is large which 1lrads to large preentry A.~ ~
drag, which may he .cs great as 50 to 80 phrcent

of thre drag of' the reint of the .ire.raft. Hence.
for l ow altitude cruise, the cowl must be
designed to achieve a large thrust to minimize

this spillage drag. At high alt itude the problem
Is oiuc h less Import ant , alIt houtgh still F
s ign i flo-,ant . Finally, :)ecatise tOe intakes are -

large, ti;.c for-e~s onl thp intake are important for ,6.
stabilit i as well as the usual stress force- on
thbe "ow.I.

2*6 .2 2 Total ilressur .Qove. e

The total pressure recovery in an intake with FIG 6.17 RELEVANT BELLMOUTH AREAS FOR
rounded ent .ry I lps varies with the mean er~try THE AUXILIARY INTAKES
Mach number as ilIlustrated in Fig 6. 16. A sharp

lip intake at V. -0 and 0,2 is also shout. 2 6.3. 2 S2 soj-pge rae

0.0
100 , -- - -'j When, the stream force theorem Is applied for

1.0foý"ward speeds, ;t'sen 'he spillage drag is low,
t. he means Intensity of suction on the cowl is

95 12.01 invers5ely proportional to the projected cowl

I ~h arec.. Thus, low cýpillage drag requires both
Id,~ large co-ol area and good shape.

9.0

8-Sharp Lips > 1
C A e

si k0 -0 20 8.L ~ . .0_I 1"Auco

eoZZr y

08.5. 00 08 10 -ec~lu yy,0

S Tharp L ach Aubrl~utwg
FIG .16 HEORTICL EFICIECY F ROND-LPPE

AI INESA EOFLGTSEDFG6.8SUCSO SILG RGA

wi5l zeooXtX o y heecre hw t

-lV.

hel mutho near h it.mteyary wIthtV: ~ c o

FIG. 6.16 THOEICA EFFICIEtCs OFe relvat bL IttEutt

areas for the. at) ill shry Intne Inak wit citlag arwit..h
protecauxliar Inak doote direet and.,- iit. approriat of 2

Tlteeqa tftion itr ps Iressure deovr t so btin.drg add- topca thee cowls th spilag

frhmckitess of I le olatd limet. n cma idr n ira varte ry.hl a shoI~uu~wn ]i Fi. 6.1.osa

with zeo onse velocty. Thse cures show 1I0 1- -- -A--- ---- ' -directly~~ ..a fo a~OC give prewur 500005 swoop thet 03.5RE0 &,

ýuct~FI 6.19 SPILLAGE DRA AT HIG SUhONI SPEEDShIs nv ,I
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initially, the main Inlets consisted of two side
mounted inlets of "D" shape and a single row of ..
six suck-in doors of 0.585m2 and & throat area of 0 02 04 06 08 .0o 10 14

0.
8
55u.. and employing boundary layer bleed doors ,0-- -

on the side of 'he fuselale. For the advanced
version, the AV-88, the throat area was increased 0 2 j,---Mt-1-
to 0.9Oma' sq.ft. The inlet cross-section wos, MLS5 Al

changed from a half-round to a 2:1 ellipse with a P-
double row of eiaht suck-in doors of O.780m2 0.4- - -- 0, -
sq.ft area to eliminate spillage (Ref 6.21). M- ..

0.0-

Thus under vertical flight *:onditions a large
belimouth area and adequate throat area are 0o
required, while during low altitude cruise large
cowl area and smai I throat area are necessary.
Both conifItions are vital so that some form of 10 --
variable geometry is worthwhile in order to
improve the efficiency In either condition. _____.__'__\__\\\\\\__

At V/STOL, bellmouth area is more effective than P&alleata c
throat area in Ilproving efficiency, sc it is A,
usually possible to choose the minimum throat
area suitable for conventional flight, then - --.
provide sufficient bellmouth area to achieve the
target efficiency, preferably In such a way that
the cowl area is not restricted at high speeds. 1.0-

_ _ _ _I _

2.6.3.2.4 Velocity Dint ribut fon Dpre - Pre-entryi aa tive drag

The problem of velocity distribution and total ____..

pressure distribution at the engine face are DSo
similar to those of conventional intakes, except On,.
that they are increased by the larger area and no --smaller length to diameter ratio. Adequate
des-ription of the distributions is sometimes
complicated by variation of static pressure
across the compressor face entry and 0,4
uncertainties regarding the effect of the engine
on this variation when measured on models D
(wit hout an engine present) and the converse
erfect on the engine. 01 -

The worst velocity distributions are due to
boundary layer separations caused by adverse
pressure gradients in extreme condit ions of I _".

flight. For example, in the case of a fuselage o U2 0.4 06 08 10
Installation, If the flow is very much reduced, Fto wra!k, A.
the adverse pressure gradient upstream of the (b
entry ac's on the boundary layer on the side of FIG 620 CIRCULAR COWL WITH 3 TYPES OF
the fuselage and could cause separation forward PEAKY PRESSURE DISTRIBUTION,
of the Intake entry plane. At extreme incidences
particularly 't high mass flow, the boundary Q) PRESSURE DISTRIBUTION M=0.9
layer may sept ate on the Inside of the lower lip b) SPILLAGE DRAG, M0=0m9
or the entry and on the adjacent fuselage wall.

2 6.3,3__RotatLn&_Axls intake of the VJ-101 (Rer
26.3,2.5 Low-nLre ýCowl Sestjon 6.18)

The maximum area of the cowl tends to be Fig 6.21 shows the general configuration of tile
determined by the aircraft's layout, so that the VJ 101. Fig. 6.22 shows the design of the
cowl area is given when this area has been VJ-IOIC iift/cruise engine Intake instal led on
chosen. This cowl area Is unlikely to be the tilting engine p,.ls at the wing tips.
generous, so the maximum velocities at low
altitude may be supersonic. Cowl sections, .
therefore, have been developed which lead to
largely isentropic recompressions ^rom highly
supersonic peak velocities. Some results of
tests on aOt axssyommetric model are shown In Figs.6

.
2
0a and b. Fig. 

6
.

2
0a shows almost isentropIc

recompression from a peak local Mach number of
about 1.9. Fig. 6.20b shows a typical curve of
spillage drag for this cowl for M. - 0.9. Lower
spillage drag will be obtained at lower Mach

iunbe r s.

FIG 6.21 VTOL FIGHTER AIRCRAFT"VJ 101"
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For the auxiliary inlet closed, pressure loss Is
.rri" high for low forward speeds, ot + a - 0 or 60"

and pressure recovery Is quite low for low flight

- *. K4 Mach numbers, even with or + a - 0.

However, with the auxiliary slot open, losses

drop markedly even for high o + a and total.• /'• pressure recovery Increases for 0' 6 at + ar _ 60"
up to M - 0.30.

These figures show clearly the advantage of

changing the inlet geometry (opening the intake
slot) with increasing aircraft forward speed and

FIG 6.22 "VJ 101" LIFT/CRUISE ENGINE INTAKE also the neet: to keep duct incidence, o + a, low.

The inherently bad performance of an Intake of REFERrNCES
this kind in the low speed range and at high
Intake incidence conditions is compensated in 6.1 Book - Aerodynamics of V/STOL Flight by
this case by the use of an auxiliary intake in Mc.Cormick, Acadmic Press, New York, 1967,
the form of a circumferential opening around the 328 pages
nacelle about 15 cm wide. This opening Is
created by moving the forward part of the intake 6.2 Book - Supersonic and Subsonic, CTOL &
forward by means of four hydraulic actuators. VTOL Airplane Design by Gerald Cornign,
Fig. 6.22 shows this auxiliary intake in the open 4th ed., College Park, Md., 1976, 852

position. This inlet was tested under various pages.
conditions. (See especially Chapt. XIII, VTOL Aircraft

Design, pages 13-1 to 13-51)

Figs. 6.23 and 6.24 show the pressure loss factor
vs. V0/V2 and pressure recovery Pt /Pt'vs. Mach 6.3 "V/STOL - Fluzg7euge Entwicklung", MBB

number M. for various inlet incidence angles, a + Information Luftfahrttechnlk, BT 007 Nr.
4/82

6.4 "Jet Lift by Rolls-Royce", The Aeroplane

Astronautics, Jan. 25, 1962, pages 93 - 96

S m'• 6.5 "Short SC-I Cut-away Drawing", The
Aeronlane, 10. June 1960

6.u Advanced Aeronautical Concepts - Committee
on Aeronautical and Space Sciences, United
States Senate, 93rd Congress, July 16 and
18, 1974.

6.7 "Supersonic Vectored-Thrust Fighter Design
, .Tested", Aviation Week , Space Technology,

, ~ December 8, 1980, page 51

(.8 "Navy Unit to Demonstrate Vertical
12 Attitude Landing", Aviation Week & Space

FIG 6.23 PRESSURE LOSS FACTOR VERSUS Technology, December 15, 1980, page 69
VELOCITY RATIO AND ANGLE OF (the "Wire Hanger")
INCIDENCE, INFLUENCE OF AUXILIARY

INTAKE 6.9 Robinson Jr., C.L. "Navy Plans Emphasis
on V/STOL", Aviation Week and Space

"1 .]Technolog.y, March I, 1976, pages 12 - 16.

6.10 Harrier - Modern Combat Aircraft 13, Bill
i '•" Cunston, Ian Allann L~td. l.ondoii, 1901. See

especially pages 40 and 100.
Ptz

6.11 Harrier: British Aerospace and Mco'nnell-

Douglas AV-SA/B.
Win. It qiuru, Jr., Aero Series No.31, Aero
Publishers, Inc. Fallbrook, Cal., 1985.

6.12 "British Design Ultra-Short Take-off andi' --..'•" . Landing Air'raft", Aviation Week 6 Space
,. .. Technology, September 22, 1980. page 23

"6.13 "McDonnell-Douglas AV-81B Advanced
Harrier". Jane's All the Worlds Aircraft,

F!G 6 24 TOTAL PRESSURE RECOVERY VERSUS prges 346 -
FLIGHT MACH NUMBER AND ANGLE OF
INCIDENCE, INFLUENCE OF AUXILIARY 6.14 "Hawker P. 1127". El liht internatl ona[.

INTAKE June 6, 1963. page 846.

Total pr essure re-, e -ry . , .fiarp-lip Intake is 6.15 Zahinsky and Butnham, "Design

shown to be a funct ;,i of throat Mach number and Consilerat 'cu For a V!STOI. Technology

lorward flight Mach numiv,'t Airplane", Jo.Lr .or olfr,.LL Oc-tober 1976,
page 745
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6.16 "Dornier LSV", FLUG REVUE, December 1972, 6.19 AGARD Conf. Papers No. 135, Septemberpage 6. 17-21, 1973, paper 28 "Propulsion System
of the VJ-l1l C VTOL Aircraft' by W.Blehl

6.17 "Modellversuche zur Gestaltung des
Hubtriebwerks-einlaufs elnes VTOL- 6.20 Clark and Vasta, "Development of the AV--8B
Trinsportflugzeuges", Molleius and Uhrig, Propulsion System", &IAA-84-242_,
Deutsche Luft- und Raumfahrt Mitteilung; October 31 - November 2, 1984.65-14 (1Do 31")

6.21 "Rolls Royce to Test Propulsion System for6 18 Hans Redemann, "V/STOL-Waffensytesi Supersonic VTOLS", Aviation Week Spac,.
VJ-101". FLUC REVU, January 1972 " ,echnolog January 3, 1983, page 22
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2.7 INTAKE DESIGN AND PERFORMANCE FOR MISSILES 2.71 INTRODi-mJ.
WITH AIRBREATHING PROPULSION 2-71-1 The relevance of air-breathina eneines for

CONTENTSmissiles

For short ranges (430401Km), the solid propellant
2.7.1 INTRODUCTION rocket is the best means of propulsion because of

2.7.1.1 The relevance of air breathing engines its technological simplicity.
for missiles

For medium to long ranges, air-breathing
2.7.1.2 Types of air breathing propulsion propulsion become2 increasingly advantageous
2.7.1.3 Specific problems of missile intakes because It is unnecessary to provide oxidant in

2.7.2 CONFIGURATION EVOLUTION AND CONSTRAINTS the missile; intakes are then necessary to
capture the external air.

2.7.2.1 Early configurations
Air-breathing propulsion has certain drawbacks:

2.7.2.2 Operationa costraints - Intakes are necessary;

2.7.2.3 More recent developments - missile geometry Is more complex;

2.7.3 ISOLATED INTAKES - engine development time is longer;
- If the missile has an expendable turbojet It

2.7.3.1 Intakes for subsonic or low supersonic will be more expensive
speed missiles (this will not be so if It has a ramjet)

- but an additional propulsion means may be
2.'.3.1.l Pitot Intakes necessary for a ramjet (boost rocket).
2.7.3.1.2 Flush Intakes

On the other hand it has the advantage that:
2.7.3.2 Supersonic intakes for a given range, th missile is lighter and

2.7.3.2.1 Axtsyrmretric and derived intakes its overall dimensions are smaller;

2.7.3.2.2 Rectangular and derived intakes - it can fly at low and constant altitu.le to
ensure best :.enetration;

2.7.3.2.3 Design Mach number - its missions can be easily diversified.

2.7.3.2.4 intake size 27 12 Types of air-breathine orpoulslon

2.7.3.2.5 Three dimensional intakes
2.7.4 FUSELAGE FLOW FIELD Two kinds of engine are possible for missile

propu.slon (Fig.7.1). The turbojet has advantages
2.7.4.1 Fuselage with circular cross sections which increase with range because of the mass and

cost of the expendable engine. It is very well
2.7.4.1.1 Zero incidence suited to subsonic missiles (e.g. Cruise missiles
2.7.4.1.2 Non zero Incidence such as OT')MAT, HARPOON...) and in some cases to

low supersonic speed missiles Ml<1 .8). The
2.2 5 MISSILE CONFIGUR,,.,,tNS ramjet is a very simple engine, without revolving
2.7.5.1 Electromagnetic detection parts and it is well suited to medium or long
2.7.5.2 Types of steering ranges but only for supersonic missiles. With

subsonic combustion, flights from Mach 1.8 to
2.7.5.2.1 Skid to turn steering about 6 are possible; above, supersonic

combustion is more advantageous. The
2.7.5.2.2 Bark to trn sturtng disndvantage of this engine is Its ver) low
2.7.5.3 Pcsslble configurations witl' circular thrust at low Mach numbers. An additional means

fuselages of propulsion is therefore necessary to boost the

2.7.5.3.1 One Intake missile up to Mach 1.8-2. A rocket he;,ster
provides this fast acceleration that. also

2.7.. 3.2 Single intake at subsonic speeds reduces missile response time.

2.7.5.3.3 Twin intakes

1.7.5.3.4 Three intakes

2.7.5.3.5 Four intakes

2.7.5.3.6 More than four Intakes

2.7.5.4 Fuselages with wings or strakes

2 75.4.1 Wings ahuts
TURBOET

2.7.5.4.2 Strakes FIG 7.1 AIR BREATHING FROP, .SION

2.7.5.5 Fuselages with non circular cross

sections ENTCALPY o•

2 7.6 PERFORMANCE PREDICTION ETAP 4ý
2.7.6.1 Isolated Intakes "0' V

2 7.6.2 Flow field around the fuselage.- .,, ..-

2.7.6.3 Mounted intakes W

2.7.6.3. 1 One Intake . -.

2 ',.3.2 Several intakes

2.7.7 AIR BREATHING MISSILE DESIGN

2.7 8 CONCLUSIONS FIG 7.2 'URBOJET CYM LE
REFERFNCFS Fig 7.2 shous ait enthalpy-entropy diagram for a

turbojet: both ,ntake ;it,! compreqs.sr contribute
ts the total . ,--resslon of the cycle. For a



66

ramlet however the whole of the compression The payload Is in the body and there Is low

process takes place In the intake and the interference between the fuselage flow field and
following duct. The Intake has also to deliver the air flow captured by the intakes. The

the correct quantity and quality of flow to the intakes have good performance, but on the other

engine throughout the flight envelope, hand, the missile is heavy and bulky and Its drag
is high. Such missiles were developed: e.g.

27._! 3 Specific problems of missile Intakes BOMARC (USA), BLOODHOUND (G.B.), SIRIUS CT 41
(Fr.)(Fig.1.5) in thle 1950s.

For a transport aircraft, the payload is I.5) int------0s ENGINEs(02

fuselage, the wings provide lift and the engines
In the nacelles give thrust; interactions exist
but are limited in extent. For a fighter DEI

aircraft, there Is a higher level of integration REctFU

and fuselage and nacelles are often amalgamated

but wings are still separate entities. For FIG 7.4 AIR BREATHING MISSILE
missile configurations, integration Is carried a WITH SEPARATED FUNCTIONS
stage further and consequently, intakes perform
their primary function of capturing the air flow
but also produce a large share of the external
aerodynamic forces (lift, drag) as shown in
Fig.7.3.

..... 
AS .... 

-I I/!

C6 1 . 100 - ,. C ~FIG 7.5 SIRIUS CT41Fr.)

5 _CIRCULAR SUSONC

ZDIF FUSE:R- \

0: I.... ANNULAR SUeSmi/C

2. - I - FIG 7.6 FIRST INTEGRATION FOR AIR BREATHING
"1_MISSILE

0 - -i I I I After that, a first integratilon. appeared with a,,

0 8 12 16 20 intake In the nose of the missile (Fig.7.6) and a
INCIDENCE jettisonable rocket booster located at the other

FIG 7.3 LIFT COMPONENTS ON A TYPICAL end. ]his c.nfiguration has several advantages:

HALF AXI-SYMMETRIC INTAKE CONFIGURATION - comnactness,
- good intake performane (without interferen/co

The very high manoeuvrability required involves from wing or fuselage).
large loading factors which occur at high - low drag, and

Incidence and sideslip angles. The constraints - possible skid-to-turn steering, (see
imposed by a human presence for fighter aircraft 27521) but also various drawbacks:
disappears for missiles. For these very - poor, diffuser Integration (circular annular
difficult situ6tions intakes must still correctly diffuser),
perform their primary function. The missions - lower warhead efficiency,
being diverse, the flIght envelope Is wide and - difficulties for homing device integration, and
the intakes must supply the engine under all - tendency for missile sonfigurations to have
conditions of Mach number, altitude and attitude excessive length
with the orrect air quant Ity at high pressure
recovery and with low distortion of the airflow. Such missi les have been built e.g. TAIOS (1ISA)

Fig.
7

.
7

, SEA DART (G.B.) Fig.7.8, VEGA (F[ .)
Although there are no landing and take-off phases Fig.7.9 and STATALTEX (Fr.) Fig.7.10. The
so that large mass flows at low speed are not a Russian missile SA4 GANEF (Fig.7.11) s- unique
problem For missiles, some difficulties can In having an annular intake bocted alter the
appear during the boosted poiase with the intakes payload
closed either at the Intake or at the engine
fac,-. However, missile Intakes are required to
perform for a single flight, possibly after a
101g storage time and therefore low cost and high
re'iability are essential.-

JJJ "_I ?PURAT ION LVoLUT ION ..Ml C .NSTRA ITS

i221 Early co BFIutt!.;,, FIG 7.7 TALOS (U0)

The first alt breathing missiles were
experimental vehicls for testing ramjets. and
therefore without operational size constraints.

Figure 7.4 shows a sketcih of such a missile with FIG 7.8 SEA DART (UK)
separated functions (fuselage, wIo14.. nacelles).
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t •! Fig.7.13, with four side intakes.

STATALTEX ONERA In a second step. compactness has been improved

by integration of the rocket booster with the
ramjet combus'ioti chambtr, which was left void in
previous configurations (Fig.7.14).

FI1 7.12 S.A.422

FIG 7.9 VEGA(Fr.) FIG .10 STATALTEX(Fr.)

FIG 7.13 SCORPION PROJECT (Fr)

JE'TISONABLE
DOORS AND NOZZLE

BOOST PHASE

-- • -PAYLOAD--
4

-PU-

FIG 711 S4 GANEF (USSR) PROPELLANT
ACCELERATION --

AND CRUISE PHASE RAMJET CHAMBER
2 7.22 Operatiunasl Constraints FIG 7.14 MISSILE WITH INTEGRATED BOOSTER

For medium to long range missiles, air-breathing
propulsion Is appropriate but thie internal Two drawbacks appear with this Integration:
missile arrangement must take into account
various constraints, which were solved withuot - During the carriage and boost phases, the
difficulties with a rookit engine. Intake ma2y he closed at the downstream end of the

diffuser, this causes drag and can induce intake
A high degree of compactness Is essential for Instabilities such as buzz (see Section 2 of
aircraft carriage (especially by small European Chapter 2).
fighters) or container storage.

- at the end o. the boost phase, It is necessary
A modular design is the best means of separating to Jettlson both thie booster noz.:Ie and the
the various functions: dTif fuser doors and then to Ignite the ramjet in a

very short time to minimise deceleration.
- detection (hom'ng head).
- attack (warhead), Some variants of Integration are possible.
- propulsion (fuel tank, engine, Figure 7.15 shows a missile configuration with)ut

booster) Jettisonable parts. The booster nozzle is
located at the end of an axial extension tube

Low visibility from electromagnetic, infrared, connected to the booster. During-p. t he ")oo;t
and optical detection and sh;apes and mate iials to phase, the air flow captured by the intakes flows
give this are essential. Missiles must be through the annular engine charmber an. it is
increasingly manoeuvrahle; two kinds of steering possible to Ignite tile ramjet during bhrust d~ecay

are possible: bank-to-turn or skid-to-turn to avoid any docelerat icn,. During the cruise
(272). phase, the thir,'at Is annular anvu a separat Ion

appears at the base of tile hooster nozzle: gircd
Longer ranges Impose new missile geometries with performance Is obtained with such a nozzle but
high lift-to-drag ratios and flight envelopes thrust alignment In difficult. A:t,ither drawback-
become wider. of this configurat Ion is the I iml trd ciompactness.

For missiles, reliability, simplicity and law
cost are essential and conventional industrial RANOLARRAAMJETiCHMIE5R
experience can sometimes be a handicap. SLIuat PeaE "?1i

Z7 2.3 More recent deve lopmentsn FUL-

Confi, ,t ions have changed to respond to these CRUIAo ;ILa
operational constraints Air flow captured by the
intake depends strongly on the flow field around FIG 7.15 MISSILE WITHOUT JET I-SONABLL PARTS
!he fuselage: this catt be all advantage or a
disadvartage according to the location. Missiles
have been built SA 422 (Fr.) Fig.7.12, w!th one
Intake, or scch as SCORPI(O (a French study)
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Another variant has been proposed In France by protrusion; some advantages are:
ONERA: the unsophisticated or 'rustic" missile -low drag,
that does not have a jettluonable booster nozzle -small overall dimensions,
and for which only one Igniter l:; necessary -small Radar cross-section.
during the mission. This missile configuration,
Fig.'.16, Is '-ompact and simple. The solid fuel The working principle Is based onl the formation
grain located In the ramjet chamber has a conical of two count er-rotat Ing vortices along tine sharp
opening at Its aft end, shaping the nozzle, leading edges of the surfaces leading up to the
Booster performance Is lower and thrust alignment entry plane. These vortices deflect the fuselage
Is inure difficult but results In a lower cost houndary layer out of tine intake but drag tine
missile. At the end of thle boost phase, sol id external flow Into the Intake by their rotation.
fuel Is ignited and supplies gas which burns with Tinese Intakes aisc, have some drawbacks:
tine air captured by the intakes. Flighnt tests - high attitude sensitivity (particularly at
ccrried out in France htave demonstrated ttine negative Incidence),
feasibil ity of such a concept. - limited pressure recoveries, especially if the

upstream Mach number esceeds unity,
BOOST PHASE - large Internal volume requirement (tine intakes

are long)

=111 S.-- OLID "0 STER/
- . PAYOAD-- FEL RAMJET CHAMBER

CRUISE PHASE ~
FIG 7.16 "RUSTIC" MISSILE nusirs-

FUSE- I VRTCE

7 7 3 ISOLATFD) INTAKES LAnYs

Before installing intakes on a Fuselage, it i-s FG71 LS NAEDFNTO N
necessary to mal.e a srnrvey of different intake FG71 LS NAEDFNTO N
types annd evaluate tineir advantages anAi WORKING PRINCIPLE
disadvantages and performancc.

2 I13 I intAkes for su sonic or low suliersonic It is possible to increase thle pnerformance of
speed missiles suchn initakes by moving -it t ine lip giving a1

cominiined Flushn and Pitot nitak~e; thle Americann
2 7.311 Piton intakes HIARP'OON missile is equipped with suthn as intake.

Tin. Pilot intake is a slightlv nilvergent tuLbe '73.2i Supersonlic intakes
located in t ine freestream (Fig.'. 17). Whnen
dlesigned for subsonic or low supersonic Miach tn this sectIorn, we consider -issi es Flying at
numbers, tine l ips are bianit and In a -,personic Mach onumbe rs habve abnout 1 8-2 for whichn Piloto
flow, a tnormal shodl was c appiears itn Frr' of tine i int akes are itt' longer . !'t'i c l ent .
intake. At critical floný nondit ions, tli!n shtock
is located itl the ITEitnt enttry nlate. Tite At tine end of W.7-cld War 11, OSWIATITCH propased
pjressure recovery o,.,. eci i . io-t tower thiatt tine new Supersonic caspressi 

5
nn concepts whtose

efficientcy oF tile nornial sho,! ise (Fg".8, priniciples are recal led Iinn Figure 7.20.
tile difference resulting fron s'isc.".is offer'. Tincoretically .1 compressiont ramp ca n

prof osively deflect the ntpstre;cn flow. nnnt iI
0 0 seinic :- 'a is obtainied; after that, a subsonnic

BLUNT~~- IP -- 'I f fuiser I. onnt innues tine docel cratI ott. This

Tus e nsItn111 r 1 ,i comp res s l oin Is re a In ed w ithouIt shonck
11.n - sT.- I tI arid only tine, Frictinn tint t ite wallIs

i ziýreases tite cot rIncy. Thnree variatnts exist a,:
-Nslni'wn itt Figure 7.20: tine compress int an lie

-- ~~V. c 'tot omp let ely extPrtnaI, -mwplletc Iy IinternalI or a

mixture of' tile two.

FIG 7.17 PITOT INTAKE EXtERNAL nneIglsnON N Atie14A. CitOMPRSSICINi

96 718 PITOT INTAKE i0b"".l
PRESSURE RECOVERY

Fliqtypwe of Init ake bas itot ail e aidvaintages.
1t1gi, sii-ilnl icity 'witht cutnsequence~s ott matss,

gd IIntegral Ion with atny possible I'rotnt Shtape. I,2 YE FSPROI OPESO
lOin sensit iVity to chtatges III inticietteeL~l

sidlesl pt atngle. 'line press,,. .ý rectiverles theniret ceal ly possible
willt' tln~se Il'ttnakes, are ver-y 11tigi, but itt

1-F4'th I tjjgkg. 
1nrat Ice, some mod If loot Itotns are necessary. For
several reasonts. tite I senitropie ramtps are oiften

tine niefittit lonn aitu strk Itig pnr iti-ci 1,l1e are rctantged It[Ito moltI l--tndge ramps because (a) the
ilesir~~~ liIQtFiue '. lItese liitakcs cant lie leading edge is too slenniler, attd (b) tine ranip is

winol Is% initegratel ;-I a rus-lage. witlioust esnerttsl lung andt Is tono nif l'fct.t to m~anunfaciure.. line
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compression profile is also only curreect for one Some variants are possible:
Mach number and incidence and a continuous - a complete axisymmetric incake,
compression cannot be achieved in practice with - a halr Intake,
small Intakes. Thus compression is often - a partial Intake, which can be located under
obtalned by successive flow deflections initiated a wing/body Junction.
by a succession of Inclined shock waves.

Figure 7.23 presents some axisymmetric intake
Another restriction is that In practice the Mach geometries studied in France, with different
number at the end of supersonic compression must compression profiles. Pressure recoveries
be greater than one (generally aLout 1.4). For obtained are compared In Figure 7.24; the
external supersonic compression, this results advantage of an Internal boundary layer bleed and
from conditions at the focus point of the oblique of a progressive compression central body is
compression waves which Imposes a limited overall highlighted. Figure 7.25 shows that the best
deflection. For internal compression, the intake at zero incidence (isentropic profile) is
minimum section must be larger than the sonic more sensitive to the angle of incidence and a
throat area to allow flow starting. compromise must therefore be established. It is

also necessary that the cone shock is outside the
A mixed internal and external supersonic cowl lip at a - 0 to obtain the best performance
compression is a good compromise for upstream at incidence, but additional drag will result
Mach nurbers over about 2.5; the relative "merit" from the consequent flow spillage at a - 0'
i.e. a combination of both Internal efficiency
and external drag for the various compression 90a

t

concepts is shown in Figure 7.21. This Figure
also indicates the potential benefits on
performance that can be available by 0
incorporating variable geometry Into an intake.
By adapting the compression geometry, cowl angle -- --
or aft spill system to suit the flight
conditions, increased performance and flow
stability become available for the price of LO
complexity. ,eight and cost. 140 10o

v~i~aae tioi2• • ..... " I

/ 0 0 c 0 D

( ,/'O.. -in

(LEYNAER05

_...._FIG 7 .23 AXISYMMETRIC I ITAKE GEOMETRIES

N-2. atX

FIG 7.21 APPLICABIL'TY OF INTAKE TYPES i,.
OVER A RANGE OF MACH NUMBERS./ ....- _.-

For the design of compression ramps, It is muchi
easier to choose two-dimensional flows; thils
leads to two main types of Intake: axisymmetric o
and rectang ilar.

2 7 3 2: Axi~sygmuetrl c and derived intakes FIG 7.24 AXISYMMETRIC INTAKE PERFORMANCE

A sect ional view of an axisymmetric intake is
given in Figure 7.22. It is possible to provide -.2 _o/_.1 l.]
an internal boundary layer bleed at the end of i'rlw-o C.0s-oot s 1UC,, t a S'NOLE
the central body; the flow thus capture, cart, be ' CE -
sucked out thl•,ugh llo I s truts t "'Ll\ S.

INM -L 1Q ,.,

LANE: ~ I' t6~s''

lIAr~hi V C:cONoO Stl

FIG 725 INCIDENCE EFFECT ON AXISYMMETRIC
..... . . .. I.LIN. AIlI I ' I IN TA KES

FIG 7.22 AXISYMMETRIC AND DERIVED INTAKES

-Nr
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Other data on pressure recovery and flow capture Rectangular intakes a re very sensitive to0
for asisymmetric intakes are given In Section 5 sideslip angle (rig.7.28). This effect can be
of Chapter 1. reduced by cutting out some parts of the sidewall

as sho- tin Figure 7.29 but pressure recovery
Axisyomnetric intakes have a number of advantages: Increases are accompanied by mass fiow losses.

- good structural rigidity, (and lience lower RECTANGULA~R INTAKE A~mass),Fs-. M56o=? 77 ~
- possible high performance,Cc0
- no roll effects,
- medium incidence sensitivity,
- possihility of variable geometry by cent ral M.-2 -

body translation. 'A-.

They must he compared with the drawbacks: 0.1~Z
-maximum performance at zero Incidence,
-difficulty of closing the intake during the ... a,,

aircraft carriage phase.
aN, -3 q.

For tl.. derived intakes, the .incorporat inn of L :

sidewalls Iea to lower performance: Ithle
attitude sensitivity (incidence and sideslip FIG 7.28 SIDESLIP ANGLE EFFECT ON
angle) is higher, (which may or tiay not be RECTANGULAR INTAKE PERFORMANCE
favourable) ; and the Integrat ion with diverters
i s more d Irf iculIt.

/...2Rectangul ar and der ived int akes

A sectional view of a rectangular intake is shown
in Figure 7.26. It is possible to modify this --s: -

geometry by wrapping the intake partially or

cospletely around the fuselage. The latter case
lea.!s to an annular intake where its low height
compared with the bodiy radius leads to quasi
two-dimensional flow locally.

FIG 7.29 SIDEWALL SHAPE CHANGES
c1rlssNRoA- \INTERNlAL BOUNDARY LAE LE mlrltrna i boundary lawyer bIleeds I,, e Vee nwmr.-

necessary than for axisymmetric intakes in obtain
high presser,, recovery. One locatc-oi at the end

-D-VI* INAKESof the compression ramp is practically eatianatory
and others a,-e useful: sidewalis canl he
perforated at thie loeat ion of the shock wave, thle

-aM~ CALLS g2 -. 0l~A~cowl can he also perforated also or equipped with
S nntna lacrge slot as shown in Figure 7.30. Thle

ANNULAR INAKE advantage of boundary layer cont rol increases
whell MO>MS-OL. arid the intake is 'overadapted'

FIG 7. 26 RECTANGULAR AND DERIVED INTAKES or opterat ing aliovc its design Mach number (see
2.3.2.3). It !.liould he nioted that interiial

OlZAGOLR~l~t I.
01 

:c outch::v layer bileeds increase pressure recovery,
,NcO~CEL~,it I xpenise of mass flow losses, and( imp1 rove

inteLr-r, r..o stabil ity if tilie raaijet ecae
tao/A, low frequency IITiStoti: I lit I-LS.

-~~~~~~ - t.- ,,<l 0.

M~~ilU L10 BL C E 1 V

AIT"

FIG 7 27 INCIDENCE EFFECT ON RECTANGULAR ~ ...

INTAKE PERFORMANCE FIG 7.30 COWL BOUNDARY LAYER BLEED EFFECT
Len.tt racy t o ax Isymmettri I intaLkes for wh Ich ON RECTANGULAR INTIAKE
inasimam pressure recovery is obtained at zero Correct difiuser geometry Is also soty Iimportanti

Ilhide~nce , the performatce of rectangtular linaktos fir achles imp htigh pressure recocery Fegs 7.31
krsre recovery attd mas f -aw rat io) call to 7.33 showt somte resutt t withi alt overtidapt ed

i treasie witih hwr,se51 itt ltciletice (VIS.7-27) . ret'tatteular Ilittake Illt this case. tile situ,)
A limi1t appears lien the I inclined shtock waves cav'es from t lie s upe rsottI c conipres s mupi ramp
ite e S t rotig. The lI,, lýetict ei'eci Is 1),eletItte tile initake attd Impaclt t he 'Intertna I alI
.Ittl SC' tated for upst ram tm-l tuolters I- titharn ,t t le cowl Ttid large separat tolls generVall1Y
the sitctck-ott-I ill valiue (lies igtt Macit niutber) apilear. Wit h a fixed geomtet ry, very common01 fitr
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missile Intakes. thase cases cannot be avoided. necessary to chose a design Maclh number MD which
For such configurat ions, Figure 7.33 shows tlhat Is the result of a compromise. It Is
large diffusion ratea should be avoided, generally taken to be the Mach number at which It

is first possible to operate the Intake with all

Rectangular intakea have thle following the compression system ahocks focussed on the lip
adventnrges: 00. MO-AIS.OL). At and above this deaign Mach

number, the capture flow rat~ may be unity If
possible high performance, the engine demand Is such as to match eithivr at a
possibilities of variable geometry, critical cr supercritical condition, without a
possibilities of closing the intake by spilled Flow drag corntribution. In pressure
Increasing the front ramp angle, recovery terms, an increased rate of redu,:t ion of
ftvc-urable incili'nce effect. pressura recover:p with Mach number results than

is jsua, fot, critical type point operation. This
Their disadvantages are:- follows from the increasingly swept back lihock

structure entering the Intake which Induces large
-s~ructural rigidity ?robiems. leading to boundaiy layer - shock wave Interactions. (See
increased mass, Section 2 of Chapter 1).

-the necessity For Internal boundary layer
bleed(s) to obtain acceptable pressure Below the design Mach number, the standing off of
recovery, any shocks from the lip leads to. a spilled flow

-high sensitivity to sides'lp angle. drag component. Irrespective of engine demand.
Such an operation Is mire likely to entail

PA INTERNIALBOUNIDARY LAYER (I EO subcritical operation, thus requiring anl

IS-s.Mz - assessment of finew stability margins, whilit at
Me1 Mh numbers above design the maitching dictates a

62 progressively ;upercritical regime and hence
increasing flow distort ion pro~lews.

If the design Mach number Is low (Case I In
Figure 7 34). the pre-entry drag is low below
this Ilach number, but above a thrust loss
appeats. For the opposite condition. (Case 2),
with a high design Mach number the missile
develops high thrust but acceleration is reduced

___________when the high pre entry drag is taken Into
55 I 1.1account.

FIG 7.3 DIFFUSER 'PROFIl E EFFECT ON
RECTANGULAR INT~AKE . ____

5&CiANGUi.A5 STAiA a11

_PA- /,,~ ~I MC i

LIFIG 7.34 IMPLICATIONS OF DESIGN M4ACH NUMBER
OIOFIAADesign Mach number choice is more difficult If

the Mach number range is wide and If transonic
flight Is necessery (eg if a turboje. enigin~e

- ~ ~,without rocket b,.oster is used). For a large

Mach number range, variable geometry for in',.1 e
(nd/cr nozzle throat) has to be contea;p':'ed but

FIG 7.32 DIFFUSER SHAPE EFFECT thils has to be weighed against the lot .- cr ease
A1CT54QULtlA~iTK5U~..i2N zmIn complexity.

tg~, o-e 2 13 2 k Intake size

The selection of the size of an Intake Is an
PR important opt imisat ion procedure with

Implications for both crcssle performance and
- :6. manoeuvre capability.nA

FiG 7.33 EFFECT OF CHANGE OF SUBSONIC
DIFFUSER SHAPEN

ifery generally. missiles are equipped with fixed AN
geor.*trs intakes for r*Asons of cost and ________________

reliability bu~t often they have to S'ly over a Sii0 i

iarAw Mach numb~er range. Consequeon ly. it as FIG 7.35 RAMJE~i INTAKE SIZIN6
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It s necessary to obtain a comthpromi se between CHIN INTAKE iMS O.L.Ylth
IntHernal perfvrniao,_e and external drag. (witihout
Forget tlog -.ne jre-enttry dr~ig penal ties at low SIDESLIP ANGLE i. .O)

Match nusibers). Tite InTIEake must operate in a
stable regime and ow. engine flow distortion isA/,
necessat y if the enigi ne is a t urbsisachi ne; For a w/
ramjet, tlie sensitivity to distortaon is lower.
Some aspects of r aijet Intake sizing are
ill Iust rated InII the Figure 7 .35 for .n des ign Macit 1 ~.8 .

,lumber of 2.5. It sh~ould be toted that a good 2 M ý

citolse for intake size Is :out eas~y. 2ý3

1273.25 Thre-doesinj intakes 2.3 012

Wi.lt three-dialens':nnal intakes there arc many
possible ge.mneiries. There are however
difficaittes lssociatcdl with: 2 .-the theonretical up' iisisat ion of the 2 .

-ompress Ion ramp, L... __L~.- ...
-manutfacture of the ciode I and %windl tunnel 0 4 *1, 0 4 8 1.

tet ITo1&. FIG 7.38 SIDESLIP ANGLE EFFECT ON CHIN INLET

l[iii Itails t o more 1\tn ye resetireli and () "Swedis, nae o oritk
devlopent The,-typi o' treedimnsinil missiles, side mo un te d intakes niust exhibit

Intake arc prescnted biteot. satisfactory perforniance at a sideslip angle;
this led Rosaide- to piropose three-dimens iota

(a) Chiin in: ,ike- These i nt.,kos use the sintdwilrd intakes. 1he first one is obtained by
upstrepcm part of tlie sissile ogival nose .i- a 1Ustaposit ion of two rectangular intakes.
Su~perSorite compression ramp. The nose -3n be Týherefore, In a side positi!on. o-le of ithe two
inclin-td to inecrease the windward compressiotn for inla:.es vjrks at a posit lye incidence flfivourable
the intake and to decrease the external drag ir efcriet) wilt I ver~y limited sitlesl in angles.
the leeward surface (Fig.7_36). The diffuser 'lnfortunately, the second one is then. at a
follows thie hoitoic. of the ogivol nose, tlie duct ntegative incidence and conseqocitlIy its
cross-sect ian Changinig from an annular seg-ment Zo perrormance is iow. The Mixture of both captsred
a kidney-shaped duct. It is possilel to add flues leads* to a pressure recovery essent ial ly
wedges just lit, f',iit of the intake eiitry tro impcsed by the worst intAke, whicit meains that the
mintease the extcernal compression. final result is not good, as is sli'wiiu iniFgr

CONE wo 39.

S fThe soco; d t ypeo if t ir, e-di loeis I Otto I lIii tak,
33D 14 pr0 -2'tposei liy kosander is also a .iuxtaposii ion of-7i w I 1 wi -h xl glti Iy rol eI d compress Oiol

.. ramps . As above thle re it t. atre not vr

VIEWv A VIW8 sol igfactoty Ilig.73)

POSSIBIITY OF MUiLTI WEDGEm Rais 0.N

FIG 7.36 CHIN INTAKE GEOMETRIES

FIG 7 39 SIDESLIP ANG~L[ EFFECT ON' SWEDISH" INTAKES

i~~~Hye~o Ii cc iug:oag.I ntaks qit-~c' xI ii es ;ItIc

hte i ig iarl.Itet out sit lty1 :e r-1-oiIn !, i I05s1It' lihe
-IA. Fiue74 shows Ott example oritf apossibtle

r USEtiANN - TYPE INTAKE

0 Ert. L

PIG 7.37 INCIDENCE EFFECT ON CHIN INLET SCR AMitI

T -ca t ed it ittlr thle fo eliody. t liese intakes are
,,I, I lye t' oI TIr Idetie ais sititwi l it Fl igre 

7
.3u.

hot oily sligh gy to sidesi iii angle (Fig. 3.38).
These s ets I t lv I t ie s are a c ce it tiuat etd at MaclihIL~
tiumtibers abhove mst .- FIG 740 HYPERSONIC INTAKES
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to IkI, a j or stuc h a mInIS IIe powered( by a scvatije tat0t 1 A~.

(Sup~ersncttl Coetlaust ion Ramjet ). I t It. bised on 0 - i
IUt Cton I sUpetsm5o.i c cootorv ss 00 bu ht htas had I

!have lArgU amounts of the c-wl cut away to atlo~w raR
sz.ott tsp 'It the inttertta Iflow. .

tOPCrat ott..
1  

oorts t ra i111 .. 1ead to I tort IITIE t li
inttakel~s) dolisttstrearn 5.r thte ml ta rN payload and
thterefote itt the htoe ,age Clow Field. Study oF st.I - sosatua 1ots..ý t EN sa ýa
this !'low fiel1d , ec~e5Ssat¾ to 1 d t Er1:11Itte t~*'--. PARABOLICOGIVE .-.- I Lo-

fasmurable I tIo kCe locat ions. To obt ai It ,i gh 0.

pe rfo rmancee, low -velo city fields are Sought and L_ Lt..t....Lt
low energy fieldsý (itoottdmry layers antd vor: ices) 0 1 9 TI tt 3 4 * 123
-ire avoitied. FIG 743 EFFECT OF OGIVE NOSE SHAPE

2 7 4 1 Fuselage witlcirctular cross-sct ittts 4 EaC,.uIacoAt~R tEaRstED NAKrEMISL

At tite present t ime, thtis Fuselage geometry is A
atmoat aitays c',osen fo r reason, of ease of A,2
manufacture, simtplicity, structural stiffness and P
Ilia h It. Tt e relCo re ,it' is useful to analyse its 0t .3 23,

esterttai Clow' field- 0.\\

2 7L1. '1 Zero incidence 0 .. Vt

Z erIo and very low incidences are typical of o-t,,
truise at low altitude attd the inviscid flow can
be analysed relak ively eastilv. a... Z9 a.,

A blunt ncose causes a deta-lted bow shock wave 1 4 Kw0 2 3 4 Xo
getterat Ing a loss in1 total pressure and

Iasqun ly, itttakes located downs ream htave 'OIV WonD-3), 4
Iimi teti performance (Fig.7.41). Tti s effect Oto to3

itncreases with increase in flight Much number. FIG 7.44 INTAKES AROUND THE OGIVAL NOSE
a fuselage htas two parts: on og~vai nose and a
cylintder. A break in thte curvature appears at Viscouts effects most he atdded to define thle
tite junt-tiot. and produces ato over velocity region fuselIage flow Field completely. Along t ite
(Fig.7.

4 2
) that is unfavourable for tite I .,tiott surface, friction generates a boundary layer and

of intakes. According to the ogive shape, titis diverters are necessary to spill thtis low energy
discontinuity is more or less pt mooed attd air flow out of the ittakes, thtereby captutring 0.
therefore the effect on Intake performance htigher energy air flow. Figure 7.45 shtows two
varies, as is shown in figure 7.43. On the other examples of differintg boundary layer thticknoess on
hard actually on the ogive, there Is an a Fuselage; whtetn the itttakes are saved
tutderveluoity Urea favoutrable for intake location downstream, higher diverters are req1u red and
(Flg.7.4d). cause a higher drag.

MP 18 / Z 2U

0 

0 0
toIlteatttto I!

FIG 141 EFFECT OF NOSE BLUNTNESS 1G74 UBLN ONAYLYR
For cttttettt ottal misst les, Reytnoltds tttmbers ar
suifficient to tbtaint turbulent btoutttary lavet;
that -sat isfactoriliv withstand thle posit i-

or essuro gradientts, t hat are createdtI if
'N. ; example) by diverters ttr Intcitdettt shontk wovc

For missilies Fliyntg at htight Macit numbers. I

theriefoire at high alt itude, it is; possible taI
htave I amitoa r botutdary layers ot t tite fuse I ge
stH Fare just i n front of side-toouttted iota es
(Fig. 7.4hl. 11t this case, tite bouttdary layer is
sery Setnsi tive to positive pressture gradientts Ind
separatiott catt be gutoerated nodi fylttg the low

W. Ir "GN thu& tiouu~ctc wt r lei , Fitt frintt of thIe intakes Att xampl I is
gIsett itt Figutre 7.47 w~tl untleradapted lot. , s

-2,o ~ o It is necessary to provide forward con-e .Iott

FIG 7 42 OGIVAL NOSE / CYLINCER COMBINATION ramp s %Sf
t , 

IIi ii.t thle IfuselIage bttuntdary syer
ups ( ream ..f( ttte Intake:; to limit InttIer ac totons-SURFACE MACH NO DISTRIBUTION I, I t hshock, wave% from the i nt akle comptre' s (iott
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rairps; without these additional elements, Is very transverse overvelocities with the longitudinal

peyrformance much lower, velocity leads to the two unfoivourable effects

ALOTITUDE.aa for Intakes of h Ighe r total velocity and

K,, incidence.

On the other hand, missile Incidence Induces an
:I:ý o4Io ndervelocity in the windward area (FIg.7.49),.

It should be not~d that on the leeward side thereITURBULENT Is a small reduction In velocity downstream of
ý o040000 the ogival nose-cylinder juontlli Fg7S)

FIG 7.46 BOUNDARY LAYERS M - 2.01

4 RECTANOUILO INVERTED INTAKE; KID0 3.6

at Mach 6 WIHU BEEDf~

® .,,,, jj7~ long PR MJ__9
d I erte r I2ý2 SIDE13

romp .
4
15 2 -

b Ie)o 2 i i 8 t
C ompression IROSEL -LANKSFORD -ROBINS]

TET3fltI bloteed) FIb 7. 49 TRANSVERSAL FLOW EFF-ECTS
FIG 7.47 BOUNDARY LAYER/ SHOCK WAVE

INTERACTIONS M.7 2 a

Tli~s analysis shows there are two Interesting 241
locations for intakes: jto

-around the ogival nose, upst roam of the LINewflAD

-. around the cylindrical body two or three

diameters downstream of the junction. M__________

1 2 2 4 N 6 a 4

For the first location, some drawbacks appeal: o. -- -Olo OETO.N

a long diffuser,
mass and friction drag increases, 14IL_

-forward locatiton of the cent re of pressure,-

- omitinat ion of funct ions. FIG 7.50 LONGITUDINAL MACH NO. DISTRIBUTION
IN FLDWFIELD AT rf=D

For thle second. locat Ion, t here is a hiigh
ýenoit ivty to Incidence and sideslip angie that
is penerally hut not always unfavourable- With the fuselage at incidence, the boundary

4.1 onzeo I- ll~celayer moves from. the windward side to the leeward
2~ i? onzroJ~nLlo~cside. Consequently, at the bottom. ithe bouneary

layer i~s thinner and therefore favoorahin for
This attitude is commono to flights at high In~take location (Flg.7.51). At the top, it
alltitde anld I.i manoeuvres. Figitro 7.48 shows becomes thicker and then under the posit lye
tie nature of tite issiscid transverse flow aroun~d pressure f~radient effect , separates from the

3 yI i nder body at Itrci detce. SlIende r body suirface to generate vort ices (Fig 7 52). Figure
tior., in..dicates that there are lateral 751 sperifies t ile I olg It tid Inal lIocat ion of

i krseloIity areas. Tile combinat Ion of these vortex separationt position versus Incidence for

I various fuselages and Figure 7.54. the location
of vortex cores.

7.wo.o I r

'f'0". LA1. .hoe
FIG 48INVICIOTRANVER,ý,FLOWFIG 7.5' BUNDAY LYER



M,,-2 Re 0  2.3.104 seen no nFigure 7.55 wh Ich synt tis I zs Ithlese
result s.

FIG 7.55 FLOýWFIELD VARIA"TION AROUND'MISSILE BODY

2 1.5 MISSILE CONFIGURATIONS

12 The location of intakes on a fuselage is the
resul t o f a trade-off between different

XJ) FIG 7.52 VORTEX GENERATION constraints:

-high internal performance (pressure recovery
L-2-S IN GNand mass flow rate) depending on fuselage Flow

field and type of Intake:
-external aerodynamic characteristics (drag,

-- ifrt--to-drag ratio, cruise angle of attack,
maximum lift ... ) often depending on the use of
inta.kes with their diffuser as lifting
surfaces;

-operational '-nstraints:
t.~ ~p -overal dimensions (aircraft carriage )

L~o4 Il 6 "1'. separation of Fntos~~ I. s . fuIct ions,

and, the steering chosen depending oii possible
S mi ss inons.

There are a large inumher of parameters arid
-ji aru therefore many ~rssible configurations.

2 7 51 E Iecitroma yne IS ic c pt ;ott

In spite of the ciiffic.ilty, a compro.aise oust beFIG 7.53 LONGITUDINAL LOCATION OF made between per.,ormarxie and detect ion. Intakes
VORTEX SEPARATION POSITION contribute largely to oveomll I adar

Cross-Section, by themselves and by their
cewEwALIOIseOINI interactions with the body (Fig.7.56). The

INCIDENCE D R C.S. value differs according to the form of i.'e

intake- The presence of appropripte materials.

it- -3--intake is very effective for decreasing thle
V VR.17 S. Reflections of electromagnetic waves from

1 A itie intake/body Interface can also be reduced by
geemetricai moelfications aiid appropriate

14 materials.

1-A i[COOPEIi .00 HASE I. *ISOLBATDINTAKES
8 hiTNLING ALLEN! SCATTERING CENTRE S:

0 2 4 6 B i0 i2 14
IMOU EUNItttAKiS

FIG 7 54 LOCATION OF VORTEX CORES put~i(ItONOFt. THuE

I le foregtIIIig atIaIl.is 0l1-s t wo ctlTsI i ýIllr'.1il h
iialI~cat tis:n,

lie leeward slie with It% thic. houtotiv :avers FIG 7 56 RADAR REFFLUrTION
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be suppl iod efficirent 1) if it I, locaut-i just asial %ymtt~ery tcruclforott art. perfectly suited
beuo'tie ihem. ott the 'cewaid slit this ,, tani to onis controi tmote (ii g.7 51)
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For manoeuvres, response times are very short. - there Is no fuselage boundary layer bleed and

Nevertheless, limits appear at high Incidence very low performance Is obtained (Fig.7.58),

with alt-mounted Intakes and configurations are even if a small compression ramp is located

not optimal because of the large wetted surfaces just In front of the intake;

giving h~gh friction drag.
- the intake Is Isolated from the fuselage by a

bleed and, in this case, difficulties appear In
sucking away the boundary layer.

S-J=For both Solutions , the Intake is very close to
the fuselage and the Incidence effect is then

very unfavourable. The Russians have reduced this
S. -difficulty with their "SA4 GANEF" missile by
I! wusing movable wings which give lift while keeping

the body at very low incidence (Fig. 7.59). It

FIG 7.57 TYPES OF MiSSILES STEERING should be noted that Integration Is better than

for nose intakes but performance is poor.

27 5 2 2 Bank-to-turn steering

in this case, load factors are essentially in the o
pitch plane which imposes missile ....................

configurations with a plane of symmetry Fig.7.57. 0.2 PRR
This type of control has advantages: PA M.-Is M ° .

- possible high load factors, 0u.

- better lift-to-drag ratios, V .
- favourable incidence effects at high altitude

ar.d high Mach number cruise flight. 0, e-"

Obviously, some drawbases appear:
- sensitivity to sideslip angle, A oAmaO 37
- some limitations of negative incidence angle C.2 Re D-0.5.106

and , .- 51
- longer response times, but these may be amply 1 2 0 is

compensated for by the higher load factors. 1-a-0 o1F1

2_ 7753 Possible configurations with circular FIG 7.58 ANNULAR INTAKES
fuselages

2 2 One intake

Jc) Nose intake.

The nose intake is axisymmetric; its performance
is described in 273.2,1. It i!; a suitable
location for skid-to-turn siteering. High

pressure recoveries are possible with low FIG 7.59 SA4 GANEF (USSR)
incidence sensitivity and without roll effects.
In practice, these intakes are no longer used for
militaiy applications because all the functions (d) Bottom-mounted intakes

are combined; it has the worst possible
integration. Locating the Intakes at the bottom of the missile

(windward side) is an excellent solution, well

It) Chin intake, suited to bank-to-turn steering. Performance Is

high and it is possible to use the favourable
This type of Intake Is described in 2 73.2.5. incidence effect, especially for high Mach number

cruise at high altitude.
It Is suited to bank-to-turn steering with high

performance, low drag at zero incidence and very Functions, such as detect ion, attack and

oimsted overall dimensions. propuision, are well separated and a high degree

or compactness Is obtained.
Unfortunately, functions are partially combined;
compatibility of the electromagnetic homing Different types of intake can be ado1pte.l rut thiis

device and the intake is difficult to achieve, location (Jig 7.b0):
From the structuial stdaidpoilnt. the difrfuser must

h.ve two fixed attachmont points on the fuselage .,IA0,F AISvMIIC .RlcOtuL"e

( Intake and ramjet comhust ion chamber) creat Ing
problems of thermal expansion. - I I

The I ntake provides no 1ift and consetdently the \ .....
normal force slope CNo Is limited. Without added

wings, this leads to hgher cruise Incidence and -ayeto

thereby to higher I educed drag. Incidence .-.. . _

limltat Ions can also appear. ,oelIc

The annular Intake Is wrapped around the entire I ---- I
fuselage. For an entry section determined by the " -)

ramjet (AI/A 2 . 0. i), very' small heights are

necessary (R,1D/8). Consequently. two options are o5 tlO

posibl,: FIG7 60 BOTTOM MOUNTED INTAKES

S. ...... , i .. lI II 1
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- half akisymmetrlc, 
2 AXISYMMETRIC INTAKE7

- aXisymMetric, MP-2 XfD- 4.

- rectangular, partially wrapped or not. 0.0- 1

For the last type, two options are possible: - -.
- the classical position with the compression 0.8-

,ramp close to the body,
- the Inverted position in which the flow is o•140

deflected towards the body. -Ia

The second solution allows a gain in performance 0.6-
if negative Ir.cidence Is required.

I.) Top-mounted intakes "s 3

From the results of the :,,selage flow field FIG 7.63 ROLL POSITION EFFECT
study, it can be seen that there are few benefits
to be gained from locating Intakes at the top of SINGLERECTANGUL.ARINVERTaoINTAKE
the missile (leeward side), except for missiles Xo=-a8 -0.05
with low manoeuvrability whose Incidence
variations are small. A, 2 At - 2

Nevertheless, certain advantages are possible: Q - --*

low electromagnetic detection (the intake is _ ... _,

hidden from ground based radars by the body), 0., 0.*

-optimum overall dimensions. 0CI

The ALCM for instance is more easily stored In

the Boeing B52 bomb bays (Fig.7.61), 0 0,t /

FIG 7.64 ROLL POSITION EFFECT

SINGLE HALF AXISYMIAFTRIC IrIAKE~

.7...0 0.6O

FIG 7.61 A.L.C.M. IN B52 BOMBING BAY 11.
. 0.4

The following Figures shoi some results o- 9 #o 0.*

concerning single Intake performance. Pressure _ _ S 10 10 fu 0 4 0 1 0 o

recovery differences between windward and leeward
sides increases with Incidence (Fig.7.62). This
effect can be put to advantage by moving Intakes
from the sides to the bottom (Fig.7.63). On the IVALEHINO. PENNINGTON. VARGOI

other hand, when the Intakes are located near the

top, and consequently in the vortices, this FIG 7.65ROLL POSITION EFFECT
configuration Is unfavourable (fig.7.64). This
effect Is Increased iF the dlverter height Is
sma;I because the Intakes capture the fuselage j75 - 1 Single Intake at subsonic sPeedm
boundary layer (Fig.7.65).

SINGLERECTANGULARINTAKE Pitot Intakes have increasingly poor pressure

M.-2 Xo-75 recovery at Mach numbers above 1.5. However at
_. __ subsonic speeds they are used universally on

missiles wl'h air breathing engines and are
usually placed well to the rear of long bodies

and feed air to a turbojet via a short S bend

*.. WINDWAao IKREMZIERMCAMPSE!L duct. Figure 7.66 shows such an example witlh
some details of the SEA EAGLE missile developed

0ý • ,by British Aerospace.

27

Subsonic missile Intake studies have highlighted

some particular points. Correct design of short
""S bend duct Is very important to reduce the total

06- LEEWARD pressure losses. The main parameters are throat
•X 0. Mach number, offset divergence, length and entry

0 4 2 plane cant (See sect ion 5 of Chapter 2)

FIG 762 INCIDENCE EFFECT The role of entry plane stagger or cant in

reducing the sensitivity of aircraft fuselage
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FRONT VIEWS. . .a- I 0LtS• CNArLf

-- r 1 . i

FUSELAGE SIO - . . FIG 7.69 TWIN INTAKES: ROLL POSITION EFFECT
ON INCREMENTAL NORMAL FORCE

0 51 ... SDWALI- TD-BOOY A

FIG 766 SEA EAGLE MISSILE tI',.l---. OY
/ •.•\ • •INKI SIDEALL

side intakes to thb effects of incidence have 0.7 -. - _-.- N.\ U[MOVEt
been fully discussed in Sect ion 5. Cant however PRtME
can be used In a differ .... way for an underbody PR I .
intake. In this case ,o Initial bend of the S 0T ---....

duct is reduced In extent so naturally Inclining
the entry plane from its usual position at right INVE-TEIJ
angles to the free stream direction. Movement 2. ow"-
forward of the ouoer lip then staggers the intake

and rest ores the entry pl'e to Its original ,.._I ......
position. The effect of stagger is advantageous . cswt
at both o 0 and 20 (Fi 7.67) but the best no L

rerformance is .:chieved by a combination of a 0.3 .- M-[I.--S-•---. S-EWALL-TO.o.

smaIll initial bend and a moderate amount of -• 0- S 10a- 2a
stagger (Fig 7.68).

oI i%)-. Q,0.o FIG 7.70 TWIN RECTANGULAR INTAKES EFFECT OF
Ms ROLL POSITION AND INTAKE ORIENTATION

M--SGL2 15 MO= 2 x5/= 45

,, ., Z m ~ c- ,

FIG 7.67 PERFORMANCE OF INSTALLED CANTED
INTAKE WITH (M2) & WITHOUT (Ml) STAGGER FIG 7.71 TWiN INTAKES ROL' POSITION EFFECT

FOR DIFFERENT INTAKE TYPES

. l .. ~ On the other hand, if the Intakes are moved
towards the bottom, the internal performance

1I increases (Fig.7,70) and this effect is increased

S "..7.••.._ I t "z--... 0'.0410 ,-th incidence, more or less according to the
,.--.. --. -- type of Intake (Fig 7.71).

MSOL -216 --2 X,-. - 'S-0ý4 -'0

FIG 7.68 PERFORMANCE OF INSTALLED
SEMI-CANTED INTAKE WITH STAGGER

.-- 
- -

-
2753 Twin Intakes -1

-3 a 4 12 1 i Is"
With twin intakes, bank-to-turn steering Is a
natural choice. Generally, intakes are located
In the windward flow field. The roll location : ---- 1 - ---- ---.

results from a compromise: *. --J.-...

If the Intakes are diametrically opposed (-y - 0) 0 _

-i . 7 69), nacelle Incremental normal force Is aa
ma: I mum and rectangular intakes are inure -30 a t o 0 If 05

ravourable than axl syrtvet ric ones. This
configuration is atso best for supplying air to
the ramjet chamber. FIG 7.72 TWIN INTAKES : FRONTAL SHAPE EFFECT
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Figures 7.72 and 7.73 show the effects of Frontal Different types of Intake can be mounted on
shape and diverter height for two diametrically cruciform missiles: half axisytanetric,
opposed rectangular Intakes. axisyametrlc, rectangular (classical or

Inverted*) or others, like Swedish Intakes.
Longitudinal location has some effect an Internal Figure 7.75 presents a comparison of these
performance, ruire of pressure and diffuser mass principal types, assuming entry areas and
but normal force Is only slightly modified. diverter heights to be identical.

As above, different types of intake are possible:
half axisymuetric, axisytusetric, rectangularm . h pcfcpoete fIvre
and their performance can be Increased still more * hescicpreteso inredIntakes
by shielding with wings or adding shields (2.7. are considered In 2.7 53.5 (d)

5.4).

MS.OL.-
2
.15 M.-2 X/ooe.3 A0 1S--a.4 Hw - I Half axisytonetric intakes lead to a lower span

and thereby a lower lift (Fig.7.76) which, at a
/ given load factor, imposes a highIor incidence;

H~ ii- li1ft Is a maximum when two Intakes are
____ ,- 0.0u3 djj-f~- . lametrically opposed. The broader Intake, with

h/D~V - 01 agien diverter height , has a higher drag (half
axisymeetric). For the Inverted rectangular
Ikntake. the cowl is partially in the fuselage
boundary layer and thereby drag Is reduced. On

pr, Athe other hand, the half axisymmetric Intake, for
1. a given entry area, has greatrcwfona are1and consequently has higher drg.

0.s- 0.9 = W o

0.8- aAcIs= 0 4
IT h/Il 0 063

iSONi CN I

FIG 7.73 TWIN INTAKES DIVERTER HEIGHT EFFECT -onioTERx Co I

-COWL. sutwotiS: C0D

Z7 5 3 4 Thtree intakes .. 1nc~o Colon ...S.. ...

iwo types of three- intake conriguratjolts appear D-OORflWm-t M-
0

CH000210.
t

....

accordling to tihe chosen steering mode. FIG 7.75 COMPARISON OF DIFFERENT TYPES
For hank-to-turn steering, configurations are OF INTAKE
obtained by adding one bottom-mounted intake to
Twin side intakes, not necessarily of the sameA/ -5
typo (Fig-7.74). IML~t 3 A 1not0

For skid-to-turn steering, three Identical

intervals. Control with three intakes and .

ecreby with three fir Is more complicated hut 2
pi,.rtial inttegration in tho aircraft fuselage can .*.o

,ent alvantuige (Fig.7-74). <o ~ . ..~---~
BANK-TO-TURN STEERING SKiD-TO-TURN STEERING ~I

0 1 * 1z i i 0 1a 20 X 150

"I"N FIG 7.76 FOUR INTAKES :INCREMENTAL
NORMAL FORCE

ili Par Jclrppq~ý9 for ii

configurat ions

FIG 7 74 THREE INTAKES Befoire presenting some effects of four Intake
configurations ott interttal performantce. we bave
to define a nc w pressure recovery parameter

I ntakesal lowing comparison of various cotifiguratimits ,
whtich take Intto accountt every possible roll

(rtci form cotifigurat tons are well %uited t t position Tflis parameter assumte% that ramiet
skiti-to-turtt steerittg hut possihle load fa-,ois -vIt th',.t size as well as fuel-to-air ratio are
at, l imitetd ly leeward intake perftrmance. fimet! Undi r these conittiCions. If maximuam

" ight angle of :nc~dence Is ol (Fig. 7.7?1, the
It shoultd 1., note~d thit si.Vt tt,-tirg ratitts ttf intake characteristic7 obtained for the wort rollthetse I tlitl ii~ur -t lOtt are nltt ttý' Im- . twa intakes po0it ito at thIs inci ence determines ramjet exi
atre sufficientr to give tite lift -Id tite other tCC. t21toat s ize . Thus, at lower incidences:. maximum
leadi to add~tjI uia I ma/inly r- d ,trag i inta ke performance ,anntot be awed: the constant
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engine demand fixes the "pressure recovery usable 4 RECTANULAR INTAKE MI-41LE

at zero Incidence" for the range: 0-al. h-2 xto-1
Obviously, if It is possible to control
fuel-to-air rutlo In flight witl. incidence and

roll angle then higher pressure recoveries can beused. h
CRITICAL MINT

PR AUSLBLE

pp s•. 0.13 I 11,13LE DIVERT7E4'

y, PR °0."EST> I USA LE t.
1/ 't Iv# AT. -• 0- 0

P SEIEE FIT GR EFFECT OF DIVERTER HEIGHT VARIATION

S, 1 NCDIOANCE wrtd

F 7.77 PES EREO RYPARAMETERS o... • ..

A further source of intake problems can arise 0.-'•\''

from the use of multi-duct arrangements which AOISYOMETAtC h04
join in a '.ingie duct at some internal position. 0.+- \•- .. ~.. o so
At *his confluence, it is round that the static\'*"\ "<3 O .

pressure level is conomon to all ducts, which I -
might imply that the total pressure recovery for 0.1. ¾ •r•+..AGUX {C.SSC
the individual entries is similar a'so. In _, -v.•" ,s\• a c:.SStI7

practilse, however the overal, system pressure a.. -" -
recovery is determined by the pressure recovery "
of the lowest performing individual duct. o.••

Consequently, to obtain overall syste..- pressure
I ~~~~recovery increases, we have to improve the lowest 6t-Sti
Sperforming• intake by for example, moving thle ii. - "" ,• "--0

forebod' rtices away from the leeward intakes.o
This i.• considered in more detail in the next FIG 7.80 EFFECT OF DIVERTER HEIGHT VARIATION

; sect ion where the effect of wings and strakes on

S~the fuselage flow field is discussed.

Very generally, for multi-intake supersonic (el.) Effect of lonaitudinal location of
missi les, wind tunnel tests show that , when Intakes
downstream compression increases, the worst
operating intake operates subcritically and the The effect of longitudinal intake location
oather intakes op+,rate i~a the Oupercritical appears iu• Figure 7.81. With upstream iccat ions,
regimes to obtain the same pressure recovery. In over-velo.z,ties generated by the ogive-cylinder
practice whet., the stability limit of the junction deorrase the perforirance. The same
subcrit ical intake is obtained it is not result is obtained with downstream locations
necessory to contianue the test:.. Nevertheless, wh~ere vort ices and fuselage boundary layer
it is possible to continue and , :,.ecut ive
ch'aracterist irs highol ight ing the l imits of the AOECIOANOIUL.,5,-.•TAKE2

different intakes of the missile (Flg.7.78) are m., e-u hO=O0.TS
observed.

+.t Hc:2on u1wa ,- AT. .0o

Bt• 0.5

• [ ,N / - o

OII

FIG6 7.78 MULTIPLE INLET INSTABILITY , • ' , ' x''I""

FIG 7.81 LONGITUDINAL INTAKE LOCATION
'____.... Effect of diverter heiwht variat ion (REr.TANGULAR INTAKES)

Figure 7 79 shows itie ef'fect of diverter height increase in size. With about .iii ogival noose
variat ion using the PR (usab~e) parameter: a length, a good compromise between these two
compromise b:etween drag and pressure recovery is effects appears for an intake location tot about
necessar)y Figure 7 80 shows t!:at 'his effect is 5-61? from the nose (Fig 7.82). This cutncluslon
similar for all intake types, is correct for intakes hav'ng a compression ramp

a -- JJ

PR AT



near the ItusetIage (ciassical rectangu0.ar or
aXisymCneric intakes', which are sensitive to the I-x -
flow field near -he surface.

4 HOOFSroVwETRIC INTAKE

~5 -

041 a-1 3

0A 4

~~~~0 2 5 ~0O ~2

N0 4 8 " 16 V 2

al 051 X

0 a ' 0 ',0t

FI .2LONGITUDINAL INTAKE LOCATION 5.01*--4-
(HALF AXISYMMETRIC INTAKES)

WORST f
0f 0 4 b 12 '6J 0

0-6 FI 7.84 EFFECT OF INTAKE LOCATION ON NORMAL
__ FORCE COEFFICIENT & CENTRE OF PRESSURE

POSITION AT ZERO POLL ANGLE
0 5 t le 0 -5 degree i nc idence range For higher

incidences -, the tIndward inta ke capturing t le

0- ~obstructed by It% diverter.

I ýIf e otit alec is losoted doto,. -. diverters
ac lctd otlt lie tyli idrical body and are0 3- atlw r thereforet Z'rrectlIv al igned. At zero incidence,

intakes are sopplIie,' efficient ly hoot at roughly

0 2 ~j 0 degrees. a leewtroi separation appears and
0 S 10 Qo 15 leads to -large ma ss flow loss.

An ninertmedlate location, whit t forewarti
FIG 7.83 LONGITUDINAL INTAKE LOCATION compress ionl ramps instead or oliverters, allows

Sint ake sta ; tg I; tton gives hest internalI

Figure 7.83 shows, promne
fo r Four inoverted rectangular looit akes, tie PlNU04 Nif NlAKF 1N~. F' 505

overvelocity generated hy tiec ogive cylinder lie 0
junct ion is ooe I I compensatedt by intcrease of
local Inc jidence not thoe intake compress ion ramp.
VII ti tiese Itntakes. itnternal performatoce, for a
forwar:d location Is good at It igit incidetnce. _____ ooo.oo

owvr tiee are tite efferts onl exterotal file
a e r o dy no.i l es o 1f a s l g h t v a r i a t I io n o f .to r m a l 

. 4- 1t
force coefficient atod a forward Incremental
noovemenot of the Cetntre of pressure (FigS.7.84)
%hicto is destabclizin0g. A mass Incrrease aptpearsN
also witht these lologor noacelles.

for Inotakes near lthe juotot iono, soate difficult ies 6
coot appear. espe, lal 1\ at hoigho Mach numbers with
a Ia mina, Fuselaga boundary layer Sharp pointed/ O

diverters, (Flg-.785). loca.ed in front of the
cowl. a I :,ws inverted intakes to ýtart. hutinoterarctions ,occur with tite bounodary layer. With
intakes located upstream, at low incidence, the
ditisrters are toot aligned with the local
intcidence arid partially mask the Intake entry
area, large mass flow losses are thus caused in FIG 7.85 LONGITUDOVOL INTAKE LOCATION



P2

d i Effeet of ihtake inversion Figures 7.89 and 7.90 compare rectangular

Intake performance, respectively at Mach no 6 and

It is possible to relate incidence sensitivity to 2. according as to whether they are classical or
locat Ion nF tie Init i,,I point of supersonic inverted. In both cases, Inverted intakes are
compression. Half axisyossetric and classical tie best. Figure 7.89 shows, in particular, a
reci;.ngular intakes Initiate compression close tr large increase In pressure recovery (and mass
the Fuselage; already, at low incidence, they flow ratio) for tlte intake loc nted on tie leeward
capture the fuselage h undary la :-er and side. It should be recal led that the worst
performance Is low; higher dlverters are intake imposes ton overall pressure recovery.
necessary to limit this incidence efi'ect but Concerning the structural rigidity of intakes,
increase the drag. The half as ̂ Ay rmoetric intake, axisyunetric ones are lighter (Fig. 7.75).
the broader one, captures ii.,..-,i tthe .ow energy However If we consider the ramjet combustIon
flow and is the poorer solution (Fig 7.86). chamber, the ert. ry width is a minimum for
Internal performance increases with height of the rectangular intal...: and thereby the chamber mass
initial compression point: inverted rectangular is also a minimum
and half axisyomsetric Intakes are less sensitive
to incidence (Fig. 7.87 & 7.88). It should he 50A

noted that inverting half axisymmetric intakes
dues not jive a large pressure recovery increase .>

and can i -ad to various structural difficulties.
M.-- 2 /JD0-0 lDb 0.20.3 v, TsINVRTED0.9- USABLE 

' t. •.1 -

S 0157.

t.t.. ... - -

INVT -D -'sam V

CLASSICAL o. s -IS-
A.-oYMMTRIC FIG 789 FOUR SIDE INTAKES:

0.7 t CONE
-- 2CONES CLASSICAL & INVERTVO

HALF AXISYMMETRIC M. 2 0ME -1 h1- 0.06 Mý00 - 2.15

TWO - o:on0.0 o *3) " o, PR

0.6- E.0 2250T P11 x o 21 ---- -- ...
0 5 t10

5~
RECOVERY AT ZERO INCIDENCE o

FIG 7.86 FOUR SIDE INTAKES : USABLE PRESSURE -N , 5EOE 
A0EoICDEC

W O T"2'- 
t< 'L\ a

XI [
0$5 - ICNVENSIO5AL --..-.---...-.....-....-

*. - 0"1

Pt, 4 • -"-k[• FIG 7 90 FOUR SIDE INTAKES:I CLASSICAL & INVERTED|P3 -- ;t -- •'---.--I" " In ca..-I us or... the chart of Figure ' 5I ML -g -'j j' d e m o n s..tra te s th e a d v a n ta g e s o f In v e r..te d

0o]

,Z I i rectangular in a e,o o r even... .asis oso tric artes
; J frot cruc iform colnfig utrat ions.

0O S " tO ° ;5 . Figure 7.91 presents, fur a configurat ilul with
FIG 787 EFFECT OF RECTANGULAR INTAKE four in .Fted rectangular intakes, thte effects ofINVERSION 

certain simplifirations to obtain "rustie or

i nsimplified intakes; diffuser length, intor hal
Pi - boundary layer bleed and mult i-wedge-ramps are
0o- -:;

0  sery important eletlents for high performance It

oM .- L -7 t

K '• , 
0-* 10.. ...O M P , .. . . t. a o t s

PO-Wt 04 I >> ThWM I

- -; 

z 
..

D.. 
- aT}f -11 

- tol 005llm~el

0

FIG 7 88 0" " 1. .. IT

EFFECT OF HALF-AXISYMMETRIC INTAKE INVERSION FIG 791 FOUR SIDE "RUSTIC" INTAKES



is possible to Increase the pressure recovery of Integration lI-, easy and Inverted rectangular

suc h intakes (Fig, 7.92) by cutting back the Intakes can be Used, without starting flow

sidewalls to reduce the local sideslip angle problems.

sensitivity but mass flow losses appear.

09 -"I -IiIN ý --- I- - They are counterbalanced by certain drawbacks:

t P WITs06uT Elit WT iuno-te large nunber of intakest leading to a more

AT i... expensive, heavier missile with a higher drag,

w .,. nQ-j 0- 8 the small intake height resulting In low

j'~.±.~j'internal performance and a high Incidence
07 J 7" - iL.~i~- sensitivity.

I r2.7. 54 Fuselage equiooed with wings or strakes

IAT :n'- F

04l - 3 It Is possible to add vings to a fuselage with

S the aim of Improving the flow field uniformity in

0i 3----- front of Intakes when located in their windward

I [ flow field. This leads to a lower local Mach

02 .0.21.L - .._1' number, the wings effectively becoming first
0~ T5 1t1 0 5 10 compression ramps.

aldiql aIdeq These favourable effects for intake performance

FIG 792 EFFECT OF SIDEWALL SHAPE FOR FOUR, are counterbalanced by certain drawbacks:

INVERTED RECTANGULAR INTAKES - flow passes around the wings and induces a

local sideslip angle which can be deleterious,

Figure 7.93 shows a small normal force increase e specially for rectangular Intakes.

and a smaller variat ion of centre of pressure - xvirg size must be sufficient to achieve a

position with incidence for a four rectangular significant effect; Figure 7.95 compares

intake missile by comparison with a twin intake pressure recoveries obtained with various wing

missile. The same results are obtained with half shapes and shows the importance of the span.

axiý vmietric intakes. - missile overall dimensions are thereby

increased, and wings located upstream of

~ intakes move the centre of pressure forward.

AI With the aim o.' limiting the local sideslip

angle It Is possible to add a sidewall to tlie

i ~ li~~l~,TL wing tip as shown in Figure 7.95.

7J.. 1 2
"j- -e' I L ~F

FIG 793 NORMAL FORCE COEFFICIENT & CENTRE OF
PRESSURE LOCATION FOR RECTANGULARj /

INTAKES ON A BODY 4

As. Fur twin iuuuM, - iouuigi tudinal locat ion Is a 4.,
comnpromise taking iiuto accouint ......

- tile fuselage Flow Field,. FIG 7.95 WING EFFECT
- diffuser lengiti.
- ceiitre of pressur~e.
- puss ibhiy, part iculaor ottachimenit points on thle tlnde r tisese coiid It i ons. t lie ove ra I I spani Is

fus elIage, limited and pressure recovery is increased. A
variant Is presented in Figure 7.96, a shield

It is possible to in-ceaseý the performance of Integrated with tile rectangular intake, ropiaces

fokiir-Iiitke roisfigurati ins by mounting sir..kes the wing with Its sidewall. From a structural

a long the fuse loge or adding moving wings as fill standpointit it is easier to designi anl Intake withi

the Russian "SAT, GAINFUL". missile (Fig 7.94). a shield than to attach wings to a fuselage.

- The favourable effect of wings or shields
i- .~'ilA Increases with positive Incidence. A limit

- -. ~ - . \)i appears when the Inotake b~ecomes utidet. adpted as
tile local Macli iiumiber decreases- It Is obvious

A.6 AIFU ISS) hat a fuselage equipped with wings leads to
FIG 7.94 b,6GIFU US)Iatik-to-torn steeritig.

FUSELAGE taoPUIWIle MoING WtIER WIt LD*15

Swedi shi st udies have bieen carried out wit it
eipiiht-inttte conf iguratIions. The possible

advantages are:;h*~OWALSi~
-low soverallI diroensioiis,

a "pseudo"-aiitular Intake for which diverter FIG 7.96 INTAKE WITH SHIELD



2 75 4, Slrakes

Strakes are ;ocated along (lie Fuselage, upstream PR 'C / SPANY B
of the intakes. Four strakes allow axial symmetry AT I
of the niss Ile, which is useful for maintenance 0
of skid-to-torn, s rgwo~lsT

The advalntage of these strakes i: to modify the 07 ..
structure of .ie . Lices appearing at the top of

at foselage at incidence, four small vortices x
replace the two large ones. Figure 7.97 0-6.
presents visualisat io. resuti ts showi• ig these four V_ _

vortices. LIK studies suggest loca. ing the

strakes just in front of the intakes. Figure 05
7.98 shows (le gain In performance increase so
obtained with a nolr rectangular intake miqssle. 04 A 095
It Is possible to optiimize the strake effect on 1 20
intake performance; the mati, parameters are c' 3.0 BO
length, longitudinil locatinn and span (Fig. 03 o 5.05
".99). The roll. locat ion efrect is discussed 1 l- T E S-5

0 5 O ileg) 10 15

FIB.9 LO IEDAOUN FUSLAG os FR-.•:-7-.•--

Al I

1(0ITSrAoI(ES WORSTIBI I

061-

FIG 797 FLOW FIELD AROUND FUSELAGE 0 5- --EQUIPPED WITH STRAKES /I

03 ... I

0 21j
S0 5 ldq

10  
is

iis I 0• FIG 7.99 STRAKE GEOMETRY & LOCATION FOR
o' iis 'O [ i.,- ...... OPTIMUM INTAKE PERFORMANCE

,,'•, A, C"-oI°: -( " ' -'
09{1- S.i TSB 0. 0.0 SWlf 5.5 I KES

FIG 7.98 STRAKE EFFECT ON 4 ,RoN'r SiV DETAIL

RECTANGULAR INTAKES

In I rI •-e for hlie majority of tests. strakes ( •.. •
ha I-he,, located i-twe- i, iltakes . its presented cii 0.0 a
in Iigure I 100. With rectatigulal intakes, tile
1-11lt, uerc ,, t I scrsi gmiii, bu o tt Bli were tiis;ew0

li ; sin wi tI ; ... , I vl v.n l it " ; lintakes as p'r'e entit'i
ill ligou- 7 101. It this last case. tlie roll
angle effect is %ry , s .al .. a.id ilie worst (itake FIG 7100 FUSELAGE EQUIPPED WITH STRAKES
c-iaracterist it is clearly improved

kvoe eit wIlnd t ulne I ltest Ilg with axlsyfliietrlc :SssS*

hit ekes has shown, for lie clhuseni strakes, t hat S\\
1-•lti iot iivtieelt Intakes was lie most favourable

hor the 0 8 degree incideice tatge.

As previously with wtigs. st rakes sl Ight ly mos e

the centre or pressure upstlream atid Increase drag
tind normal force. fi gure 7. 102 shws such

results for varlat tlr oI roll atingle for Iwo BS OS------.. .
Four--IrýtaIke InIsSI les hlie effects are the same

li,,, the r,- "aitgular or half a.•l•ym,-trIc inttakes FIG 7101 STRAKE EFFECT ON 4 AXiSYMMETRIC INTAKES
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If missile angle of Incidence Is limited to about Fig 7.103 stumerises the results showing
4-5 degrees, strakes are not worthwhile. Above the effect of forebody strakes on intake pressure
this value, according to their location and size. recovery for a wide range of intake configuration
strakes improve performance, but within a limited with sketches of the vortices entering or not the
range, intakes according to incidence ar4 the presence

or absence of the strake.

C-N 27.5.5 Fuselate with noncircular cross-sections

3- For manufacturing reasons, it is easier to build

missiles with a cylindrical body. However, to
tC- 2* increase performance and with the possibilities

of new manufacturing methods, fuselages with
RECTANGULAR2 HALF = -' noncircular cross-section can be envisioned and
AXISYMMETRIC INTAKEL various objectives can be considered:

4.' = 2"3
S6.- optimum integration of the intake(s) in the

1 __ 0_ = fuselage flow field,
..---- a decrease in drag,

S'L - an increase in lift-to-drag ratio,
- a smaller Radur Cross-Section,

o 4 best design for carriage under a;rcraft.
0 11-25 225 33"75 4* 450

7- -•.Interest in these configurations increases with:

7.5 . .5 Irs-elong ranges,
L- ------- high flight Mach numbers,

a0e - high fllg*t altitudes,
F .1- banE-to-turn st.Nring.

1 obviouoly, certain difficulties of internal
FArrangement appeav and also manufaFturRnR and

s t tpura I problems, make the missile more

. ..-... a=4'O' expensive.
WITH. TAK Different shapes of fuselage are possible.
WIT~i:UT STRAKh Figure 7.104 shows two examples but other

cross-sect Iorns oan also be considered:

0____ elliptical, square. etc.

S11-"5 2- con4Wave-ridersa ae dl-signed aording twoFIG 7.102 EFFEY OF FOREBODY STRAKES ON NORMAL inciples:
FORCE COEFFICIENT aCENTRE OF PRESSURE POSITION

, the top Is formed from the s'iape of
a j t- [ý) f.37S'non-deflected streamlines (minimum

IE(- drug),

:~ tD)'he shock save Induced by the bottom surface

STRAES O tis confined by the leading edges
(maxiyai' lift).

.•AlSYMETICRECTANGULAR - %.AVE RIDEFRS

A0"* 3 \ " \ I-WITH STRAKES •/
WORST1  . .\ -' ..... t0"6. - LENTICULAR CROSS EcTios

ATTIt
057

WIHW M 20THSRAE
04S SHOCK~ WAVAEPA

0'3 CtNVtNTIONAt tOnVteNisNAL -- - - ELL'IPTICAL, SOUARE.. CROSS StCTIONS

S•-• FIG 7.104 EXAMPLES OF FUSELAGE WITH
•0.6 LENTICULARTES NON-CIRCULAR CROSS SECTIONS

S""'.•, With this da';ign, it is ossier rO lo.cate an0"i 0' '' 10 I'"O( intake in the windward part to obtain 11gh

* 2s-.:l• ,0.,0' f VOL internal performance but the difficulty is that
€ .l •1.0" 37S"the design is for one angle of incidence and one

[-()-OfOl( " upstream Mach number, It is not obvious how
StE' )~'performance varies from this pmrt icular

STIAE

OFF Y IOI VN E.. condition.

FIF 7.103 SUMMARY OF EFFECT OF FOREBODY STRAKES The other configuration presented In Figure 7.I04

ON PRESSURE RECOVERY OF VARIOUS INTAKES concerns a leoti tcular fuselage. it is designedIN CONVETRTED POSITIONS with the following prLcLplos:

U

"-• lmll0II . I I i ll Is w Intern l pefrac III t the difficut Is thatI... -
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- to increase the span. with a constant ASIITi:WAI
cross-sect ion (therefore the same voiies) in
order to obtain higher lift-to-drag ratios. t~fn OU EE OA163

- to create sharp leading edges In order to
generate strong v.i-ces which will Increase
t'e I Ift.

Such a dt,%ign. the 'FIACRE* project. is now under
study in France at C*SEPA (Fig.

7
.105). It is

that on the Fit: aircraft.

-~~~ W -m AcS CURVES l$0A5IC CUREvS
ALi.m - Qm$ wm.~PP - 21

"%';Ew FIG 7.107 RESULTS FROM EULER CALCULATIONS

*~~)' < Z C ~ iF~~ The semi-empirical approach is based on three
components. The supersoni'- compression Is

FIG 7.105 FRENCH FIACRE PROJEC T calculated theoretically, the -hroat field with
its boundary layer bleeds is - looated from data
banks and semi-empirical metho_ are used for the

2 7 6pEvF0AK%" pgEpl~31.2 diffuser (Fig.7.109). The overall pres!"-e
recovery is estimated by multiplying the ti

For missiles. prediction of internal performance efficiencies prt,'Iously calculated.
requires considering many clizes: generally, only
one intake geometry is used, but over a very The experimenrai approacrt is bated on tsodels.
l-rsxt flig'ati..velope ( 0 .8 In addition, t-,ted ýn wind tunnels. This methow- is pt:'haps
hign Integration requinre finding manv expensive but is the only -%,curate on'.j
ci~mprot'ves !,-tw-en int'rnal anij externml f,,,w Srmi-Ca.p!ricLI methods~ a- used to limit the
consderitiolls. -mierof models tc be testei.

Three appiorches can bt considered: taeoret ical, 1 THEORETICAL C.ALCULATIONS
ýxperfmental or semiewntiricill. 2 DATA BANK

The theoretical approach is not yet accurate 3 SM-MIiA EHD
enough becausi.- viscous effects ere difficuslt to
eva'uate .Icc-ýrately. Wher~ thast becomes possible, OR F x PR, x PP.,
the calculation times will still be very long,
even with future computers. In addition. thert
will be many cases to Calculate. 1-~ 2 3

1r, contrast. an experimental approach is accurate
but e-xpensive. In any case, such tests are /
necessary for air-breathing missile development.

The semi-empirical approach to reduce the number
of wind-tunnel tests is very useful, desplite its F16 7.108 SEMI-EMPIRICAL APPROACH
limited accuracy.

It Ioetdin~akej 2 7 
6 2E filarudtefs ae

A theoretical opproach e5sentiaily for desIEgn is A !heoretical approach Is possible withoutpossible either with inclined shock wave theory difficulties at low incidence; for differentor by solving the Euler equations, but it does fuselage shapes the Euler equations can be solvednot provide Accorate data on pressure recovery, and associated with boundary layer calculations.Examples of such results are given in Figures These results are necessary to choose the7.106 and 7.107. Detailed adjutrtments sach as location of the Intakes.
boindary layer control or local shapeo
isodificat ions cannot be based, for the moment. on At moderate incidence, prediction of the vortexcalculations. separation lines on the ogival nose Is difficult

and It Is no longer possible to dissociate
inviscid flow field calc~ilat ion from boundary

Mir 2-69 rJ layer calculation. In addition, if separation is

Initiated correctly In the calculation, It is
necessary to verif) that viscous effects in the...... vortices are correctly taken into account by the
method chosen.

At the moment, the experimental approach Is toie
CRITICALmost l.ccurate method for tracking the vortices
Now and flow field analysis can be carried out with

small five hole probes. An example of such a
probing Is shown in Figure 7.109; tht diameters

. . .. ..of the fuselage and -Probes mere 100 and 3
millimeters respectively.

FIG 7.106 RESULTS FROM EULER CALCULATIONS
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S..- .- W oU lip.-Alas ONE WHWElRTLOITlANNIUtAR mTAR
I5tOU POWLS (d -3WMLO Lt k-2.7 WO*

FUSELAiE FI E11XOPARI SONN O CALCULATION

MAM EXPE"MEN
276.3 Mounted intakes A~~~~ r ieasnbeareet i eeal bevd

Lagrdvainsaeotie we nae r

ca763Muinted a ieragevles iAteitk atr intake; athey aresul nt fro gehe rimacty ofbtershock
areaAc or ach umbr M toal pessre * Lavges crevateon by rte ompriessioen rnamp s on rte

the1 nbe regarded ascte locte ine thiice unior flowhnubesloe
Givn te useageflw feld i isposibe t tarea the averagevalues Macconuntbporly for thes

fiecldase aneriselatued intae fthe dise atre;totns Indt e viations app erain

Data from 'sind-tunntl tests can be used:
A, 27.63? Several intakes
f~oj If several intakes .(n) are mounted on a fuselage

[ACI ISOLATED INTAKE M~a~) and supply the same engine, the performance of
each mounted intake (I) is calculated first

and PR,

according to, theh prviu mehd

The msounted intakv 1wrtormanci, is then given by: AcMli&PM~1 wt

Then, the overall mass flow ratio Is obtained by

[j[A21x[' I (o summuing:

AcMOUNlTEf, MN'AKE- A I.,. 
t
pTO ýWA -IlM)4 2]

[A2'overall n A,)[~M.11 + Ac~

+ A~~

weeJM-A(M)' 2  
2

(-y'I I [,--l 
2
1-y-1) c

where (M)...2.... -.... x f+.M21 and the overall pressure recovery Is considered
A* L+J M 2 ] t o be equal to the minimum pressure recovery of

the different mounted Intakes

and pu14 1  :-t ,IIX!- (PR)OVEPALL - min (PR.M.1i)

PO i-I~n

This method is not perfect and final tests are
Fgrs7.110 and 7.111 show comparisons between necessary with intakes mounted on the fuselage,

siuresluain adwn-unl etrsls but this semi-empirical approach for the missile
suh alultin ad in-tnnltet eslt, design can now limit the wind-tunnel tests

ONE INVERTEDAICC.OoLos~w1C.TA necessary to define the location of the Intakes

"51.L.L a-7s.s Ms-s (longitudinal position, roll angle location and

-4.. diverter height). Currently wind-tunnel tests
4[42~.can also be useful to validate this method for

EXPERMENTnew configurations.
55A'PSN.? 2.7.AlR..pEATHiNG jI.t.jjLEJ.~uLo

U- The previous sections gave a rapid survey of
--- I' -- knowledge on missile intakes. A general synopsis

-------- must now be made to suggest design concepts for
- future supersonic ais-breathing missile with high

- ---------. performance, taking Into account fuur essential~points; detection, manoeuvrabilifty, penetration
5. -0.1 and range.

31 I,# nig
's to us HI*e . A5 Ae is ,. Some Initial data are necessary at the b03nnng
FIG 7.110 COMPARISON OF CALCULATION mission(s), level of detection and overall

&EXPERIMENT dimensions.
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According to the chosen type of steering, a account viscous effects In these
sketch of the missile can be drawn; the number three-dimensional flow fields.
and type of intakes are generally determined at
this juncture. It is then possible to estimate The use of semi-empirical methods Is an excellent
mass, overall external aerodynamic coefficients means for performance prediction and for reducing
and possible maximum internal performance for the number of wind-tunnel tests and models
Intake.; and engine, required.

Wind-tunnel tests will still be necessary for aCalculations of various traJectories are used to vr ogtm;atog xesvte r h
definite an optimal "continuously flexible" very ong time; although expensive, they are the

only way of obtaining accurate data on
missile whose Internal sections (Ac, Ath, AN) performance at a number of attitudes and Mach
could vary versus time, according to upstream numbers as soon as the model Is built.
Mach number and flight angle of Incidence.

and Its Integration with the Research on new missile configurations imposes
Intake design nthe need for low detection (electromagnetic and
fuselage are then specified to satisfy, as Infrared) which can be obtained from studies on
closely as possible, requirements previously the intake geometry and materials. Longer ranges
calculated. A compromise is tiecessary to obtain, and higher flight Mach numbers will be possible
if possible, a single fixed geometry. An with bank-to-turn steering and fuselages with
estimate of intake performance can then be non-circular cross-sections integrated with
carried out. (PR and Ao/Ac-g(Mo,Q)). intakes,

New calculations of various trajectories will
give the optimal "Inflexible" missile and REFERNE

aerodynamic models will be built. If the type of
Intake is new, tests with Isolated intakes will 7.1 M A BEHEIM, A preliminary investigation at
be necessary; if not, tests in wind tunnels on Mach number 1.91 of a diffuser employing a
mounted intakes will be sufficient. Overall pivoted cone to improve operation at angle of
external aerodynamic coefficients will be attack. NASA RM E53130
moeasured and Radar Cross-Sections will be
specified. 7.2 M A BEHEIM, T G PIERCY, Preliminary

investigation of a shield to improve angle of
From the experimental data, external missile attack performance of e nacelle type inlet.
geometry together with its internal arrangement NACA RM E57G25a.
will be settled end Its performan.e will be
estimated at this stage of the design. 7.3 J C BENDOT, A E HEINS, T G PIERCY, Ramjet air

induction system design for tactical missile
Improvements will be necessary to obtain the application. AGARD LS 136 (Sep.84)

specification values or to increase possible
performance. Two remarks can be made: 7.4 P BERTON, D REGARD, ONERA ramjet test

facilities. La Recherche Aerospatiale
- ultimate Improvements are always minor but No.197. English edition. ONERA 1980-4.

very expensive;
- modifications must be studied, making sure of 7.5 F S BILLIG, Ramjets with supersonic

the effective pcrformance gains for the combustion. ACARD LS 136,1984.
miss'ons.

7.6 M BORREL, J L MONTAGNE, Numerical study of a
Some intake improvements can be unprofitable non centred scheme with application to
taking various adjustments Into account. For aerodynamics. 7th AIAA Computational Fluid
example, if the missile must have high Dynamics Conference, Cincinatti, July 1985.
manoeuvrability, the ramjet exit throat size will
be determined according to the intake performance 7.7 C S BROWN, E L GOLDSMITH, Measurement of the
at high incidence ant sometimes, the best Internal performance of a rectangular air
performance at zero Incidence Is not used, except intake mounted on a fuselage at Mach numbers
at low Mach number during the acceleration phase. from 1.6 to 2.0. RAE-TR-72,36. 1972.

2.78CONCLUSION 7.8 P CARRIERE, R MARGUET, Aerodynamfque interne
des rgacteurs-Prises d'alr, statoreacteurs.

Air-breathing propulsion, in particular for a Cours FNSA, 1977.
ramjet, presents some new advantages for military
applicat!ons. This results from obtaining low 7.9 P CARR!ERE, J LEYNAERT, Recherches sur les
volume configurations and recent progress made In prises d'air supersoniques. Jahrbuch.
sensors, valves, engine control systems and WGL,1959.
airborne computers.

710 P C-AMPIGNY, Probl~mes iIes a I'aerodynamique

The existing realisations are mainly based on externe des missiles aecobtes. AGARD,
experimental data concerning: Trondheim, Sept.82.

internal performance, 7.11 R J COMENZO, E A MACKLEY, Preliminary
external aerodynamics, investigation of a rectangular supersonic

and electromagnetic detection, scoop Inlet with swept sides designed for low
drag at a Mach number of 2.7. NACA RM
L52J02, 1952.

The design and development of future
air-breathing mis.J les follow the current trends 7.12 J F CONNORS, R C MEYER. Performance

described below. characteristics of axiaymmetric two-cone and

Isentropic nose Inlets of Mach number 1.9.
New computation codes will he very useful for NACA RM E55F29.
design. Flow fields around fuselages with
circular or noncircul-r sections will be 7.13 E T CURRAN, F D STULL, Ramjet engines,
accurately known. For intakes, major highlights of past a,:hievements and future
improvements are still necessary to take into promise. 2nd ISABE, 1974.
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CHAPTER 3

NUMERICAL SIMULATION OF INTAKES

3.1 INTRODUCTION

The design of high speed air intakes for compared with experimental data and with
aircraft has been significantly affected other solutions in order to provide the
by the recent development of computational Working Group a global overview of the
fluid dynamics methods for analysis. CFD effectiveness and accuracy of CFD as a
provides the designer with flow field design tool. The comparisons were not
solutions for air-intake geometries that intended to serve as a validation of CFD,
are more detailed and provide more but rather, give an indication of the
information than wind-tunnel-test-data. In viability of CFD for design application.
general these solutions do not replace
wind tunnel test but rather compliment the
experimental methods to provide greater
insight and understanding to the detailed Eight test cases were selected for the
flow interactions that gceatly affect the evaluation as summarized briefly in
performance of air intakes. As a result, Table 2.1. The test cases were chosen to
the resulting designs can be expected to range in complexity from normal-shock/
exhibit superior performance boundary-layer interaction to full
characteristics. forebody-inlet combinations.

Since CFD provides such a pow.erful design Computations were solicited from a large
tool, the Working Group elected to per.form number of organizations and inlividual
an evaluation of the current researchers within the NATO countries. A
state-of-the-art in CFD analysis. The total of twenty-seven calculations were
approach for this evaluation was co select received from ten contributors. The
a number of test cases for which rather Working Group wishes to express its
detailed experimental data were available sincere thanks to those who agreed to
and to solicit investigators from the NATO perform the calculations and followed
countries to provide solutions to the through with the results that appear in
selected test cases. These solutions were this report.

TEST CASE FLOW TYPE NUMBER OF CALCULATIONS

1 Transonic Normal Shock/Turbulent 2
Boundary Layer Interactions

2 Glancing Shock/Boundary
Layer Interaction

3 Subsonic/Transonic Circular Intake 3

4 Subsonic/Transonic Semi-circular Intake 1

5 Supersonic Circular Pitot Intake 2

6 2D Hypersonic Intake 10

7 Mixed Compression Intake 2

8 Intake/Airframe Integration 2

TABLE 2.1 TEST CASES FOR CFD CALCULATIONS
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3.2 CFD METHODS FOR INLETS 3.2.1 INTRODUCTION

In this section we shall discuss some of
the aspects involved with computational
fluid dynamics (CFD) analysis for
intakes. CFD encompasses many related
disciplines including grid generation,
flow solvers, solution algorithms,
turbulence models, processing and post-
processing hardware and software. In

each of these areas, the user must
exercise careful judgement in choosing
from several available methods to solve

LIST OF SYMBOLS FOR 3.2 his particular flow problem. We will

consider these aspects of CFD to provide
the reader with an overview of the

Symbol Meaning topic, and to provide a background for
the following section in 4hich

coefficient of specific heat comparisons will be made between
C' constant pressure computations and experimental results.
r. constant volume The reader is referred to several

excellent texts on tFD which have
Er total energy appeared in the literature recently, Ref

2.1 to 2.5, to provide more details
H total enthalpy involved in this discipline.

p pressure 3.2.2 GPI: GENERATION

q heat flow The CFD analysis process begins with a

numerical description of the physici
Re Reynolds number problem to be studied. First, the

physical objects around which or tnrough
T temperature which the air flows must be jescribed

numerically. This is commonly described
x,y,z directions as surface grid generation. After the

surfaces have been desrcibed, the flow
u,v,w velocity comronents domain which is confJ:,ed by the surface

grid and any free rur',ces must also be
k coefficient of thermal described numerirally. This is smmonly

conductivity described as field grid generation. We

will consjier each of these grids
second coefficient of- separately and will also discuss

viscosity possible problems which arise in the

gen'.ration of these grids.
first coefficienlt of

viscosity

3.2.2.1 Surface Grids
p density

The generation of accurate surface gvid:ý
stress continues Li. be one of the :: ist

difficult, and time-cjnsuming problems
facing intake CFD usnýrs. As shown in
Section 2.5.1, actual intake geometries
are often quite complex with higiiry
three dimensional contours. For many
applications, small changes in this
geometry can result in large changes in
the flow field. This is particularly
true in supersonic and hypersonic
intakes which generate shock waves or
expansion fans with change in surface
geometry. The need for accurate
modeling of physical surfaces is quite
obvious. There are several ways in
which surfaces can be specified for
surface grid generation. For relatively
simple geometries, :he surface may be
specified algebraically: i.e. with
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polynomial spline curve fits wvhich
define the surface in space. For some

oioAplea geometries it ite possible to
prescribe local curve fits for parts of
the configuration. This leads to a zonal
method of prescribing each local feature
and, in some logical way, patching them
together to prcduce the tctal surface
grid. This method works well with
various block flow solvers and block

field grid generation techniques. For
some complex geometries, only local
surface grid points are known. The
person generating the grid is then left
with the choice of either curve fitting
these grid points (if possible) or of
constructing a grid on the known points.
The danger with curve fitting is that,
in most cases, the curve fits only
approximate the actual surface in some
sense. For some applications that may be
all that is required, for others it may
introduce serious errors in the geometry
and therefore in the flow field. On the FIG 2.1 SURFACE GRID FOR

other hand, to construct a grid using
known points can be very expensive in COMPLETE TAILOR-MATE CONFIGURATION

terms of time and computer resources and
may introduce other problems into the
field grid which must match the surface solution adaptive grids, or multigrid
grid at its boundaries. Because the algorithms, also causes a strong tie

generation of accurate complex surface between the flow solver and the field
grids is sc labor intensive, many of the grid. Often assumptions, or

recently developed grid generation codes limitations, in the flow solver or its

are designed for operation on boundary condition specification impose

interactive graphics workstations. This additional constraints on the grid

allows the person generating the grid to generation process. When generating the

see and interact with the grid field grid, the surface grid will

generation process in a timely fashion, constitute part or all of the boundary
for the field grid. Often the flow

Fig 2.1 shows a surface grid generated domain is decomposed into a number of

for the computation of the Tailor-Mate regions which are each gridded

intake/airframe compatibility test. This separately and the interface between
computation was performed by regions becomes new internal boundaries

Aerospatiale in support of Test Case 8 to the flow solver. There are many

reported in Section 3.3.8. This grid possible ways to generate a field grid

includes the forebody, canopy, intake, for each region, but to maintain some

intake transition duct, and boundary degree of grid smoothness and
layer diverter. The complex geometry, orthogonality, the flow domain is
including square to round transition of usually mapped onto a Cartesian
the intake duct, is evident. Also computational grid using a differential

apparent are the zonal boundaries where equation solver. Depending on the form

the grid density is changed. of this mapping, different types of
grids can be generated with different

3.2.2.2 Field Grids amounts of clustering in strategic
locations. Unfortunately, the solution

Once the surface grid has been of the differential equations for grid

generated, the CFD user mutt generate a generation can require computer

computational grid for the flow path of resources which approach those required

interest. Generation of the field grid for the flow solution. Research

introduces some additional problems and continues to find ways to reduce the
considerations for the CFD user. The time and storage required for grid
current slate of CFD demands a strong generation.
link between the flow solver and the
grid structure. The quality of the Figure 2.2 shows a sample of a field
final flow solution directly depends on grid for the flow past a wedge for Test

certain aspects of thf field grid, Case 2. Shown in the figure are three

including sufficient grid resolution intersecting grid planes; one plane is

near high flow gradients, grid near the wedge surface, one plane is

smoothness and minimum skewness, near the wall surface to which the wedge

particularly near surfaces. The use of is attached, and the third plane is

S... • •• • • I- r•m
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perpendicular to the wall and intersects
the wedge. The flow ýn this figure would
be from right to left. The clustering of
the field grid to resolve boundary 3.2.3 FLOW SOLVERS
layers near the surface is clearly
evident as is the streamwise clustering Within the intake aerodynamics communitynear the wedge leading edge. For this there are many different computationalgrid hyperbolic tangent packing schemes available to the user. In thisfunctions were used to smoothly cluster section we will investioate some ofthe grid near surfaces, these schemes to provide a background

for the computational results to be
discussed in the next section. The VKI
has recently conducted a short course on
intake aerodynamics, with a special
emphasis on the CFD methods, Ref 2.6,
which forms a basis for this section of
the repcrt.

3.2.3.1 Flow Equations

The most general set of equations for
the flow of Lir through intakes are the
Navier-Stokes (NS) equations. These
equations, given in Fig 2.3, simply
express the conservation of mass,
mcmentum and energy for a fluid system.
For simplicity, the equations are shown
here in two-dimensional conservation
form fr- a Cartesian coordinate system.
In order, these are the continuity, x-
momentum, y-momentum, and energy
equation. Theze are several different
possible formulations of the energy
equation; this is the total energy
formulation. To complete the set ofFIG 2.2 FIELD GRID FOR GLANCING equations, some auxiliary equationsSHOCK/BOUNDARY LAYER INTERACTION. describing the shear stress, heat

transfer, and equation of state of the
gas. are given in Fig 2.4. TheseThere are two areas of grid research equations are a coupled set on non-which may have great future impact on linear 'second-order partial differentialthe use of CFD for intake analysis. The equations and are therefore veryfirst is solution adaptive gridding, difficult to solve. To solve thiswhicn has been studied for some time and system of equations, one must specifyis beginning to be used in some analysis some initial flow conditions andpackages. In this technique, the grid boundary conditions appropriate for theused for solution is changed during the problem being considered. The choice ofsolution process to concentrate grid boundary conditions is particularlypoints in the areas of high flow crucial for flow problem modelinggradients. This results in an improved because it is through the boundarysolution using fewer grid points, conditions that the unique features of aalthough one must pay s'fne overhead for problem are specified. The NS equationsadapting the grid. The second area of in the internal flow domain are the sameresear-h is the use of unstructured for all problems, it is only thegrids. As the name implies, these grids boundary surface and boundary equationshave no set structure. Each grid cell on the surface that change from problemneed not be rectancilar; in fact they to problem. Within intakes, themay be three, four, five or more sided, specification of proper boundary

There are usually no discernible planes conditions is even more importantof grid points; tie points can be because one is ultimately interested inrandomly distributed through the domain what happens on the surface or at theand connected through some algorithm, exit of the intake which typically falls
These grids are well suited for the on a :omputational boundary.
complex geometries of modern aircraft.
There are currently some algorithms
available to generate these types of
grids, and work is proceeding on the
development of solution algorithms,
turbulence models and stability
parameters for this type of grid.

.1
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term makes the x-momentum equation
P._ 21l_.0o elliptic for subsonic portions of the

at ax y flow. Various treatments of this

2(,n) a(p2'÷ ..) 1 a ___ pressure gradient term have produced

at ax y ax Re ax ay various versions of the PNS analysis.
PNS codes are typically faster and

a8(_v a&(H) _0(_1 . (_ G T_ require less computer storage than
at ax dy a1 Re ax ,Jy / equivalent full NS codes, but car only

!ý . j!•._• k(Ei 1 " yl, be used for those physics problems which

at ax ay ax ay RePr dx ay do not violate any of the simplifying

I ... ) I-) assumptions for the analysis.

Rýe [ax a1,
O(pU) (P 0

FIG 2.3 TIME-AVERAGED NAVIER- ax dy •
STOKES EQUATIONS. a(_)• a• _) - 1 (,,a

ax ay ax Re \, ay/

= O'ii 1
P-pRT y y 2eT

q.~~PE - - __LT -2 - T÷tk

T_ - -y RePray dyax (ax ay)

au!U.\ 2aua + 2L uuaL +(2ji~ ay
W 2ay * ax ay) aye Jy ý

av+ au" p -pRT
ax 0Jy

q, O-kýT H - cT+-u

q,- - kaay

1 ,FIG 2.5 PARABOLIZED NAVIER-2TOKES
E" pc•T +p~u +v2) EQUATIONS.

FIG 2.4 AUXILIARY EQUATIONS.

If one is able to neglect all viscous
for(es and heat conduction in the

problem the NS equations can be reduced
to the inviscid Euler equations. These

Researchers can often obtain meaningful equations are shown in Fig 2.6 for
solutions to specific problems by steady flow. While these equations
solving some subset of the full NS cannot be used for viscous dominated

equatiors. If one is able to neglect the flow problems, they can be used to study
normal viscous forces in some principal the inviscid portions of intakes,
flow direction the NS equations can be particularly with shock waves. Because

reduced, or "parabolized", to produce a the viscous portions of the flow have
set of equations which are much simpler been neolected, fewer grid points are
to solve than the full NS equations. no-eded in an Euler solution and the
Fig 2.5 shows one formulation of the solution is computed much faster than
Parabolized Navier-Stokes (PNS) with a full NS. If the flow is
equations. This set still retains the supersonic, the Euler equations can be

continuity, x- and y-momentum, and solved by the method of characteristics,
energy equations. This particular set an extremely fast solution technique
of equations has been written for steady often used for high speed intake design
flow in the s-direction, has folded in when coupled to a boindary layer
the auxiliary equations for the stresses analysis. The Euler equations are often

and contains the total enthalpy used to test new -FD solution techniques
formulation of the energy equation. before using the . techniques in full NS
Except for the pressure gradient term in because they maintain many of the
the x-momentum equation, these equations numerical features of the NS equations.
are of mixed hyperbolic-parabolic type
in x and can be solved by a forward
marching scheme. The pressure gradient

I
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gridding or matrix pre-conditioning, all
with the intent of decreasing the total
computational work load, time and

6½a) a(PV) expense. The many efforts to produce
+ = 0 faster, more robust solvers have lead toOx 0  

many, different, specialized computer

codes in the field, which can be
+ a ) _ -• confusing to a potential user.Ox Oyxa

A more recently developed algorithm for
•_ v + dOpu2) 9 solution of the flow equations 's the

x by b finite-volume method, Ref 2.7 to 2.9.
in this method, the flow variables

a LuE5) (vE) _ •uz_) aLvp) within a grid cell are integrated to

produce an average flux across cell9x ay ax 0 yboundaries. These fluxes are then used
in the ev.aluation cf terms in the finite
difference equations. Several differen'
methods have been proposed for tiL
treatment of the flux terms, produci.-c

FIG 2.6 EULER EQUATIONS. several different formulations o- he
method. The different methods each ive
an advantage for a particular typ< of
flow problem. These flow solve. are

3.2.3.2 Solution Algorithm-" particularly well suited for -,hock
capturing within high speed flow

We will now consider some numerical problems.

techniques to solve the -.uat.ion Sets The finite element method, which is also
described in the previous section. Once an integral method, has its roots in
again, there are a variety of techniques structural analysis. This method solves
currently available to the user and new the system of equations by discretising
techniques are being developed world the flow domain into a series of small
wide. There are two principal classesof FE anlyis, diferntal d elements which share common points or

f ajodes. Within each element, a functional
integral, and we shall now consider each form of the variation of the flow
of these separately, variables is assumed. The constants

multiplying thefe functions are thenThe majority of Cfe analysis currently determined by solution of the
employs finite difference techniquesn for variational form of the differential
the differential equations. In this equations, i.e. the NS, PNS or Euler
method the differential equatior:s are equations. This method has advantages
approximated by differen(e equations and disadvantages relative to finite
which are solved numerically. The difference. The chief advantage is the
differencin, can take many different inherent flexibility in the meshes which
forms; for ard, backward, central, two this me,hod supports, including the new
point, three point, etc., with each of unstructured grids. The chief
the forms having certain advantages for disadvantage is the overhead in computer
certain types of problems. Once the storage required to define the elements
equations have been differenced, there and their nodes. in the futu, -, we may
are several different forms of solution see more applications of tho finite
algorithm available to the user, again, element method for intake analysis.
with each having its own advantages.
The explicit algorithms are relatively 3.2.3.3 Turbulence Models
easy to code and easily adaptable to
vector or parallel processing machines, In theory, t1e full Navier-Stokes
but have certain stability limitations equations could be solved for the
which can increase the amount of continuum flow through an intake at any
computing tile. Implicit algorithms are speed including turbulence effects. In
harder to code but for certain problems reality, the length and time scales
have better stability characteristics associated with turbulence are much too
than explicit schemes and converge small to be resolved within a realistic
faster. The problem o0 numerical configuration at this time, and so the
instabilities has lead researchers to CFD user normally models the effects of
introduce artificial damping into many turbulence on the flow. There are
algorithms and to the development of currently several differeot methods for
new, more stable methods of differencing modeling turl 'ence effects ,ývailable to
the equations. Slow convergence of the CFD user, of 2.10 t.n 2.13. Most of
certain relaxation algorithms have lead the models locally increase the
to acceleration scheme,', such as multi-
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coefficient of viscos" -. thermal
conductivity to account for invreased
diffusion dae to turbulence. The Table 3.2.1 Codes used in CFD Assessment

coefficient of iiscosity and thermal
conductivity are then referred to aj
"effective" viscosity and conductivity CODE USER TYPE TEST CASE

:,efficients and the NS equations remain
.:.e same. Oifferent techniques are PARC3D SVERDRUL-AEDC NS 1 2 6 8

employed to determine the magnitude of SVERDRUP-CLEVE. 2 7

the change in coefficient ranging from
F ,le algebraic equations to the
solutiont of coupled differential
equations. The more sophisticatea HAWK3D GENERAL DYNAMICS NS 2

models include !!-re cf the physics
concern'ng turbulerce than the rimpler FALCON GENERAL DYNAMICS NS 6

model s, altnough they 1'ave a higher
ccmprt at-I'o~ni overhad. All current PEPSI-S NASA-LEWIS PNS 2 6 7

turbulence models require some type of
empirical constants which are usually NS2D ONERA NS 2

determined t,:cugh correlation with AEROSPATIALE 6

eaoeridenta' rita. This, of course,
introduces some levels of uncertainty FLUIM AEROSPATIALE EV' 6 8

concerning the accuracy of the model
when it is applied to -Droblems which are ARA EU " 4

differe:%t from the correlation EUBL 5

experiment. Turbulence modeling will
continue to be an a:-ea for CFD research
rn yeavs to come. IKARUS D'RNIER NS 3 6

3.2.3.4 Cu ent Stazus
RANSAC BAE NS 3

Ai; c~eo, ribed ior.'o,,t~on 3.1, there haveAi.3'thrhae NISFLEX MBB NS 1 6
been eight proposed test cases for the
CFD evaluation in this study, and there
have been eleven coontributors us- ' a
variety of corsput'rs codes and twenty two problem, and some have introduced block
calculations. In t,.is section we will grid solvers into the basic code. The
provide a brief oescripticn of these basic code supports a variety of
ccodes for future reference. Table 3.2.1 boundary conditions which are solved
oives an ove:'view of the computer codes explicitly. For subsonic outflow
used in this study. The left column houndaries, a static pressure is
oives the name of the code, sometimes a specified and density and velocity are
meaningful acronym, sometimes not. The extrapolated in the basic code. The
second column identifies the user of the group at CALSPAN has used an implicit,
,:ode by affiliation, the third g

4
ves the approximate factorization scheme of Beam

type of code, and the fourth the and Warming with a Chimera domain

particular test cases against which this decomposition to study test case 3. This
code was applied. More details on the code supports both Baldwin-Lomax and two
codes and tne calculations can be found equation turbulence models. The HAWK3D
in the nicrofiche supplement to this code is a specially modified v(csion of
report. the PARC3D code which was used by

General Dynamics. This code employs a
The PARC3D code, Ref 2.14 was used by two-equation k-kl turbulence model, Ref

.,ý¢,ral cor.,ributors in the Uo. This 2.13, not available in the basic PARC3D
L-Ie~ it; a derivative of the NASA Ames code. The FALCON code was also used by

doeveloped ARC codes, which employs a General Dynamics to study test case 6.
Beam-"arring approximate factorization This code is a finite volume solver
scheme to solve the NS equations by which uses Roe's flux difference
ma:v'-inq the time dependent equations to splitting to solve the 2D or 3D NS
steady Etate and usually employs a equations. The code contains a multi-
Baldwln-Lomax algebraic turbulence blocking capability and a Baldwin-Lomax
md:Il. The code used a diagonalized algebraic turbulence model. For this
form of the implicit matrices for supersonic test case, flow quantities
effi-lent execution times and a were extrapolated at the downstream
n-meson-style artificial dissipation boundary. The PEPSI-S code, Ref 2.15,

scheme to stabilize the scheme near was used to solve several of the
shock waves. There are many different supersonic test cases. This code solves
"tvereino,, of the PARC3D code in the the PNS equations using a Briley-
field, users typically modify the McDonald LBI scheme to make a single
turbulence model for their particular sweep in the predominately supersonic

'__ " F• . .. ... OW N
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flow direction. The code has a variety equations are simulated in full and
of turbulence models available, the their thin layer approximation. The
algebraic McDonald-Camarata was used for Raldwln-Lomax 'urbulence model (with
case 2, a version modified for modifications) is used. Details for
compressibility was used for case E, and ENSFL2D can be found in Ref 2.26 and for
a one equation turbulent kinetic energy Tkarus in Ref 2.27. RANSAC is a three
model was used for case 7. A variety of dimensional, cell centered, finite
boundary conditions are also available volume, Implicit, pressure correction
to this code, including distributed mass method for the solution of the Reynolds
removal for the bleed regions of test averaged Navier-Stokes equations. A
case 7. Because this code is used only non-staggered grid pressure correction
for supersonic flows, and is a single algorithm due to Rhie, Ref 2.28, is
sweep code, the downstream computational employed, in which the addition of
boundary is the last solution plane and explicit fourth order dissipation terms
is not specified by a boundary damp out pressure instabilities in the
condition. The NS2D code, Ref 2.16, was momentum equations. For the momencum
adapted for air intakes (and used here equations, the scheme enforces central
for test case 6) from the code used by differencing for very slow flows and
ONERA, Ref 2.17 and 2.18, for test case upwind differencing for fast flows. The
2. This code solves the Reynolds linearization of the transport equation
averaged NS equations by a centered for all the cells creates a coefficient
explicit finite difference scheme with a matrix that is septadiagonal. The
multigrid convergence accelerator. The matrix inversion is performed by an
discretization is performed using a over-relaxation black/red iterative
two-step Lax-Wendroff type scheme with matrix inversion technique which takes
the dissipative terms being taken into two sweeps through the mesh on each
account following Tbommen's, Ref 2.19, iteration. For turbulent closure the
idea-. The code employs an algebraic standard k-e model is used, Ref 2.29.
turbulence model developed by Michel et NSFLEX, Ref 2.30, is a finite volume
al., Ref 2.20. The FLU3M code, Ref 2.21 Na-ier-Stokes code for subsonic,
aid 2.22, was used to analyze test case transonic and hypersonic flows developed
6 and 8. This code was developed by at MNB. Its basin is the Euler method
ONERA and Aerospatiale for multiblock EUFLEX, Ref 2.31, for the conservative
gr3d • -.h an emphasis on supersonic and Euler equations. The fluxes at the cell
hyper . -ows. The code solves the faces are determined by a linear Riemann
Euler o qut,.ois by an implicit upwind problem using a nominally third order
TVD fi.•ite volume scheme of van Leer's accurate characteristic flux
MUSCL type. Its impli cit part consists extrapolation scheme of MUSCL type, Ref
of an ADI like i;version in cross- 2.32. At strong shocks the method
section planes coupled with a Gauss- switches to a modified flux vector
Seidel relaxation in the third splitting method. The switching between
direction. The ARA Euler -ultiblock the two methods is accomplished by an
method is base- on the scheme originally improved flux limiter of the van Albada
proposed by Jameson et al., Ref 2.23. It type. The resulting unfactored
is a finite volume scheme with difference equations ere solved in their
explicitly added artificial dissipation, implicit and time depending form by a
The mu-ti-stage - time-stepping scheme point Gauss-Seidel method. The viscous
uses total enthalpy acceleration and L fluxes are approximated by central
variable time step supported by tin.,;ial differences. The turbulence model is
smoothing, Ref 2.24. Fcr test case 5, that of Baldwin-Lomr.x. The code has a
viscous effects were included by block and real gas capability.
performing boundary layer calculations
using results from the Euler 3.2.4 PROCESSING AND POST-PROCEISiNG
calculations. Details ;f the boundary
layer method can be found in Ref 2.25. The incrensed use of CFD for intake
Ikarus is a three--dimensional Navier- analysis has been made possible by the
Stokes code derived from ENSFL2D which increased availobility, speed and
is a two-dimensional/axisymmetric code storage of :supercomputers. Central
for the solution of the Euler and computing facilities, such as the NAS at
Navier-Stokes equations. Both codes are NASA Aces, have pioneered the
based on the finite volume spatial develonment of hardware required to
discretization and the Runge-Kutta type solve complex flow problems. Some ol the
time integration presented by Jameson et new chip and mainframe architectures are
al, Ref 2.22. The solution method is now being Made available on less costly
characterized by explicit artificial local computers. At the same time, new
viscosity, local time stepping, implicit and improved compilers, operating
residual smoothing, multilevel grid systems, and other forms of soft wa.
tecnnique accompanied by multigrid 'have enabled users to take
strategy withln each grid i-vel. The advantage of the new compU
viscous terms in the :4avier-Stoaes architectures, particularly in the area

IF -- r --
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of code vectoriz'Hion and 2.9 van Leer, B., "Flux-vector Splitting
parallelization. This increase in for the Euler Equations", Lect. Notes,
computational capability has spurred on Phys., Vol 170, pp 507-512, 1982.
the development of high speed graphics

workstations for the post-procersing and 2.10 Baldwin, B.S., and Lomax, H., "Thin
analysis of coupuled results. The Layer Approximation and Algebraic Model

workstation no,: provides the CFD user for Separated Turbulent Flows", AIAA
with the ability to visualize and Paper 78-257, 1978.
understand complex flow fields which was
not available even five years ago. 2.11 McDonald, H., and Camarata, F.J.,
Software packages, such as PLOT3D, GAS, "An Extended Mixing Length Approaoh for

and FAST, coupled to high speed Computing the Turbulent Boundary Layer
workstations are revolutionizing the way Development", Computation of Turbulent
engineers will design components. As Boundary Layers -1968 AFOSR-IFP-Stanford
previously mentioned, the generation of Conference, S.J.Kline, et. al. eds.,
suitable grids for CFD has been greatly Stanford University, pp 83-98, 196q.
assisted by interactive graphic-
packages, such as GRIDGEN3D, which 2.12 Cebeci, T., and Smith, A.M.O.,

operate on workstations. Analysis of Turbulent Boundary Layers,
Academic Press, 1974.

2.13 Smith, B.R., "The k-kl Turbulence

Model and Wall Layer Model for
Cumpress!ule Flows':, AIAA 90-1483, June,

3.2.5 REFERENCES 1990.

2.1 Anderson, D.A., Tani.ehill, J.C., and 2.14 Cooper, G.K., "The PARC Code:
Pletcher, R.H., Computational Fluid Theory and Usage", AEDC-TR-87-24, Oct.
Mechanics and Heat Transfer, Hemisphere 1987.
Publishing Corporation, McGraw-Hill Book
Company, 1984. 2.15 Buggeln, R.C., McDonald, H.,

Krest-ovsky, J.P. and Levy, R.,

2.2 Fletcher, C.A.J., Computational "Development of a Three-Dimensional
Technique:3 for Fluid Dynamics, Volumes 1 Super.onic Iiilet Flow Analysis", NASA CR

and 2, Springer-Verlag, 1988. 3218, 1979.

2.3 Hirsch, C., Numerical Computation of 2.16 Cambrier, L. Veuillot, J.P., et
Internal and 1'•ernal Fluws, Volume 1: Vuiilot, A.M., " Developpements recents
Fundamentals of Numerical sur les methodes de calcul d'ecoulements
Discretization, Jchn Wiley & Sons, Inc., internes par resolution des equations
1988. d'Euler ou de Navier-Stokes", Revue

francaise de Mechanique No. 1988-4,

2.4 Hirsch, C., Numerical Computation of 1988.
Internal and External Flows, Volume 2:
Computational Methods for Inviscid and 2.17 Cambrier, L. Couaillier, V. et
Viscous Flows, John Wiley & Sons, Inc., Veuillot, J.P., "Resolution numerique
1990. des equations de Navier-Stokes a l'aide

d'une methode multigrille," La Reserche
2.5 Murthy, S.N.B., and Paynter, G. C.. Aerospatiale No.1988-2, english edition,

eds., Numerical Methods for Engine- pp23-42, 1988.
Airframe Integratin Progress in
Astronautics and Aeroinautics, Vol 102, 2.18 Cambrier, L., Couaillier, V. and
AIAP, 1986. Veuillot, J.P., "Simulation of a shock

wave/turbulent boundary layer
2.6 Towne, C.E., "flomputational Meuluds interaction in a three dimensional
for inlet Airframe Integration", Von channel," AIAA 89-1851, 1989 ard ONERA
Karman Institute for Fluid Dynamics, TP No 1989-82, 1989.
Lecture Series 1988-04, Intake
Aerodynamics, Feb 26, 1988. 2.19 Thommen, H.J., "Numerical

integration of the Navier-Stokes

2.7 Godunov, S.K., "A Finite Difference equations," ZAMP, Vol. 17, pp 369-384,

Method for the Numerical Computation of 1966.
Discontinuous Solutions of the Equations

of Fluid Dynamics.", Mat. Sb., Vol 47, 2.20 Michel, R., Quermard, C., and
pp 357-393, 1959. Durant, R., "Application d'un schema de

longueur de melange a l'etude des
2.8 Roe: P.L., "Characteristic-Based couches limites turbulentes
Schemes for the Euler Equations", Ann. d'equilibre", ONERA NT No.154, 1969.

Rev. Fluid. Mech.,Vol 18, pp 337-365,
1986.



2-21 Guillen, Ph., Borrel, M., and
Dormieux, M., "Numerical simulation of
perfect fluid flows around complex 3D
configurations by a multidomain solver
using the MUSCL approach," Conference
GAMNI/SMIA-IMA sur les Methodes de
Calcul en Mecanique des Fluides
Appliquees a I'Aeronautique, Antibes,
Mai 1989.

2.22 Guillen, Ph., and Dormieux, M.,
"Design of a 3d multidomian Euler code,"
Supercomputing in Fluid Flow, Boston,
October, 1989.

2.23 Jameson, A., Schmidt, W., and
Turkel, F., "Numerical solutions of the
Euler equations by !inite volume methods
using Runge-Kutta time-stepp-nc scheme,"
AIAA -1-1259, 198:.

2.24 Doe, R.H. Brown, T.W. and Pagano,
A., "The developrwnt of practical Euler

cethods for aerodynamic design," ICAS-
86-1.4.2., 1986.

2.25 Green, J.E., Weeks, D.J. and
arodman, J.W.F., "Prediction cf
tirbulent boun: r/ layers and wakes in
c-, :pret .ie flow by a lag entrainment

n.od," A.R.C. R&M 3791, _973.

2.2C Fritz, W., "Numerical simulation of
2D tuibulent -ow fields with strong
s.-;-arari n,' ICAS-88-4.6.4, :988.

2.27 Leicher, S., "- rus a !) Nav'er-
Stokes z;oave' fo: o D-bodien in an
arbir ary nLickstructu!ed grid, User
manual", Cornier RePort BF 4!89 B, 19P9.

2.2F Rhie, C.M., pr'ssure based
Navi ,r Sr frs mole:, using the
:r. l'qc:Id metho;:", AIAA-86O02O7, IP86.

7.29 Mackenzie, C., "FCNSAC: A pressure
:or'ect ion cased Na",ie--i ikes code for
afterbodies wit'. jets", BAe SRC '"eport

JS Pý195, Dec, 1988.

2.30 Ichnacz, M.A. NSFLEX -- An implicit
metndJ for the Navier .tokes equotrons
for a wide re-:e of Mach numbers. No es

on Nursrical Flu!d Mec.•anics, Vol 30.
Vicweg, Braun.schwe-ig, 1990.

2.31 Eberle, J.., "Characteristic "I-x
t.vc-ragqin Approach to the Solution of

Euler's Equatjcps", VKT Lexture Series
19 7--04, Match 1987.

2.32 Eberle, A. Srhm.-cz, -:.A., and
Bissligef, N.C., "Gener lized Flux
Vectors t.r Hyporsonic Shock Capturing",

AIAA-9--0390, 1990.

U



101

3.3 ANALYSIS Oa TEST CASES location of the calculation agreed with
that of the experiment.

3.3.1 Test caste I - Details of the experiments can be fouud in

Transonic Normal Shock/ Refs 3.1.3 to 3.I.$.
Turbulent Boundary Layer Interactions

3.3.1.1 INTRODUCTION 3.3.1.3 CID TtCuWIQUzS

Flows around or inside high speed vehicles This test case was attemptbd by two

are uAdally accompanied by shocks different research groups (see table 3.2.1
interacting with boundary layers. in section 3.2). Soth used tvo-dimensional
Depending on shock strength these code versions for thea: calculations which
interactions can be the reason for solved the Mavier-Stokes equations. The
boundary layer separation$ that can Sverdeup Tenn. group used the PARC2D code
heavily degrade the performance of the in whict. the algebraic Baldvin/,om•x
propulsion Swsoas of the vehicles. CFD turbulence model is incorporated. The
method& thereore must be able to simulate results are designated (WS2) in the
these flow phenomena correctly. figures. The grid contained 9050 grid

points with approximately fifty grid lines

The problem selected has been used for within the boundary layer. The flow case
calculations betoce around 19#3 !1RSf 3.1.1 with large separation (test case 1.3) has
has been published in 19:6). It was hoped not been calculated.
that in the s"an time progress in CrD The group from K88 used their NSFLEX code
methods made it possible to give better together with the Raldin/Lomax turbulence
agreement between experiment and model. The calculations were perform~d
coaputations than at that time. assuming turbulent flow in all boundary

layers. The results are designated (NS1)

3.3.1.2 PRO*LEM OESCRIFTION in the figures. Because the geomatry for
test cases 1.1 and 1.2 is symmetric only

The experiments for this test case have l;alf of the actua. flow field ws

been performed in a *two-dimensional' simulated with a symmetry boindary
tunnel tne main featores of which are condition on the center line. For test
given in Fig 3.1.1. All tests were case 1.3 (one-s led bump) the complete
performed at tne sass freestream flow field had to be simulated. The grid
conditions p,, - 96 kSe and for test case 1.1 had 209 points in flow
T,0 - 300* K. For the formation of the direction and 50 points normal to it.

shock interchangeable bumps are mounted on Results (i.e. static wall pressures, mean
the upper and lover wal! of the velocity profiles, Reynolds stress
rectangular test section. The position of profiles and Isolines of mach number) with
the shock on these bumps is determined by a grid with twice the number of points

the adjustable second throat downstream of normal to the flow and a higher grid
the test section. Flow variables at three refinement at the wall agreed with those
different nominal Mach numbers at the from the coarser grid. However, in order
shock of Ma - 1.3 (called test case 1.1i, to reach the same shock location with the
1.45 (called test case 1.2), and 1.37 fine grid a reduction of the exit static
(called test case 1.3) due to three pressure (from p/p, - 0.6739 to p/p,, -

differently shaped inserts had been 0.6527) was necessary (Ref 3.1.6). For

measured by a two-'-•Ior laser velicineter. test case 1.2 a grid with 236-50 points
The flows depicted small to large for the half-model was used. The increase
separation respectively at the foot of the of points in flow direction (compared with
shock inside the boundary layer. The test case 1.1) was considered necessary to
boundary layer is considered turbulent be able to better resolve the separation

without any information from experiment region existing. The flow of test case 1.3
about transition. The tunnel wall is was calculated with a grid of 239-100 and
assumed to be adiabatic. 239-200 points, i.e. with the same grid

resolution as the other test cases and
The test data available from the again the same results tor both grids. For

experiments are the mean velocities, the a converged solution about 20000

mean Reynolds stress tensor components, iterations were necessary for test cases

the kinetic erergy (assuming that w' - I.I. and 1.3. Test case 1.2 was converged

(u,+vl)/2 ), turbulent shear stress after approximately 30000 iterations. The

profiles and saetic wall pressure;. The computations required 8.0*10-' seconds per

experiments can be considered grid point and iteration on a SIEMENS

two-dimensional for the small and VP200 vectorcomputOr.
moderately separated case. The case with
larger separation showed a *rather strong
distortion of the reattachment line* (Ref 3.3.1.4 RESULTS
3.1.2). So for this case three-dimensional
calculations would have been appropriate. 3.3.1.4.1 Tost Case 1.1 - 1 - 1.3

Total pressure and total temperature are Static wall Pressure Distributions
known from experiment and can be used at

the entrance boundary condition for the rigs. 3.1.2 and 3.1.3 show a comparison of

calculttions. Unfortunately the dimensions the computed and experimental static wall

of the second throat downstream of the pressure distributions (scaled by the

test section are not known. It was tunnel total pressure pt0) along the lower

therefore recommended to use the static and upper wall respectively. (The

wall pressure measured lurh,,3 experiment coordinate x along the tunnel wall is

at the exit boundary of the computational scaled by the tunnel height h, - 0.1 a).

domain. The consequence of this is that Experimental data is shown by the symbol

the calculations had to be repeated with while the analysis are shown by different

diff*ernt exit pressures until the shock style lines. The static pressure is
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plotted as a function of the coordinate X CFD Flow Field
along the tunnel axis. As can be seen the
shock standing at the downstream end of One variable to check the quality of a
the tunnel wall insert spans the whole calculated intake flow is the variation of
tunnel width with the same X-station at mass flow along the duct center line. For
the lower and upper tunnel wall. The the solution NS1 this mass flow variation
static pressure distribution ahead of the is plotted in Fig. 3.1.14. It can be seen
shock compares well between both solutions that except in the shock region the mass
NS1 and NS2 and experiment. Whereas in the flow in the test section does deviate from
solution NS1 the foot of the shock is the mass flow entering the intake on the
nearly exactly at the same X-station as in left by less than 0.1 percent. Figures
the experiment in solution NS2 the shock showing lines of constant Mach numbers and
foot is slightly ahead of the experimental pressure coefficient for solution NS1 can
nne. This is somewhat surprising because be found in the microfiche.
solution NS2 shows a lower static pressure
at the exit of the test section (at 3.3.1.4.2 Test Case 1.2 - X - 1.45
x/hN-3.5) than soluticn NSl. From this
pressure difference one woulu expect quite Static Wall Pressure Distributions
the opposite in shock location between NS1
and NS2. The pressure behind the shock Figs. 3.1.15 and 3.1.16 show a comparison
(between X/hi-1.6 to 2.1) is overpredicted of the computed and experimental static
by both calculation methods. wall pressure distributions (scaled by the

tunnel total pressure pt.) along the lower
mean Velocity Profile and upper wall, respectively. (The

coordinate X along the tunnel wall is
Here only a selection of mean velocity scaled by the tunnel height ht - 0.1 m).

profiles (scaled by , - 386 i/sec - Experimental data is shown by the symbol
while the analysis are shown by different

from experiment) at five X-stations is style lines. The static pressure is
shown in Figs. 3.1.4 to 3.1.8; figures plotted as a function of the coordinate X
supplewuntary to the ones shown in this along the tunnel axis. As can be seen the
section can be found in Appendix 3.3.1. At shock standing at the downstream end of
the station lust ir front of the shock h tunnel wall insert spans the whole
(X/ht-l.4) solution NSl underpredicts the tunnel width with the same X-sthteon at

velocities whereas NS2 lear the wall the lower and upper tunnel wall. The
unds overpredicts above that layer static pressure distribution ahead of theslightly overpredicts the velocities. This shock compares well between both solutions
situation changes inside the shock NSI and NS2 and experiment. Whereas in the
(Figs. 3.1.5 and 3.1.6) in that now both solution NSI the foot of the shock is
solutions underpredict the velocities by a nearly exactly at the same X-station as in
noticeable amount. That solution NSl even the experiment in solution NS2 the shock
produced negative velocities can be seen foot is slightly Nhead of the experimental
in Fig. 3.1.6. A separation of this small one. This shock location difference is to
size could not be recognized in the be exTected from the difference of the
measured data due to the larger distance static pressures between the two solutions
of the first measuring point above the at the exit of the test section where the
wall. The differences between calculations atethere of the ts secthon wher thpressure of NSl is higher than that of
and experiment become smaller further NS2. The pressure behind the shock
downstream (Fig. 3.1.7). This figure also indicates the beginning of a plateau which
indicates differences in the laminar is to be expected in a flow just starting
sublayer where the experiment depicts a to separate. The pressure in this area is
fuller velocity profile than the overpredicted by both calculation methods.
calculation. Solution NS2 agrees better NSl exhibits a distinctive and longer
with the "free-stream" velocity which is plateau whereas NS2 seems to possess a

underpredicted by NSl (Fig. 3.1.8). This shorter plateau than the experiment. After
is in agreement with the static pressure the separation region the pressure in NSI
difference at the exit of the test is smaller than that of the experiment.
section. However, the boundary layer Its positive slope indicates a steadily
profile is fuller in solution NSl and decelerated flow down to the intake exit.
closer to experiment near the wall than in The pressure of solution NS2 behind the
solution NS2 (Fig. 3.1.3). shock is larger thin that of experiment

but it is leveling off similar to the

Shear Stress Profiles experiment. For X/ht larger than about 3.5
Shear stress data have been supplied for both flows i.e. that of the experiment and

solution NSl only. They are plotted in of solutionN are no longer accelerated
Figs. 3.1.9 to 3.1.13. for the same by the static pressure which is in
X-stations as the velocity profiles. Near contrast to solution NSI.
the wall the Reynolds stress in the
calculations is generally smaller than in
experiment. The calculation delivecs a Mean Velocity Profiles
maximum whose magnitude is lower in the
upstream part, becomes higher inside the Here only a selection of mean velocity
shock and reduces to values again that are
smaller than that of the experiment. The profiles (scaled by U 418 -

distance of the maximum from the wall is from experiment) at five X-stations is
larger in solution NS1 than in the shown in Figs. 3.1.17 to 3.1.21; figures
experiment around the downstream side of supplementary to the ones shown in this
the shock. Upstream and downstream of this section can be found in Appendix 3.3.1.
area there i a good agreement in this All velocities are scaled by the maximum
variable. Figs. 3.1.12 and 3.1.13 seem to velocity taken from experiment. At the
indicate some small scatter in the station in front of the shock (see Fig.
measurements closest to the wall. 3.1.17 - X/ht-l.6) solution NSl under-

i I II lll °, . .. . .. . .. . .. . .
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predicts the velocities even showing tunnel width. Because the insert in the
negative velocities, i.e. separation, near tunnel is one-sided only the foot of the
the wall.Solution NS2 near the wall does shock at the lower wall is more upstream
not produce negative velocities and than at the upper tunnel wall. The static
overpredicts the velocities above the pressure distribution ahead of the shock
"wall layer". The measurements are not compares quite well between the
close enough to the wall to recognize calculation and the experiment. The
separation. This situation changes closer pressure on the lower wall indicates the
and inside the shock (Figs. 3.1.18 and typical separation plateau both in
3.1.19) in that now both solutions experimental data and in the calculation
underpredict the velocities by a (Fig. 3.1.25). However, the calculation
noticeable amount. The separation bubble overpredicts the plateau pressure. Between
in solution NSl is steadily growing, stations X/ht-3.2 and 4.2 the calculated
Separation is indicated in solution NS2 at pressure on the lower wall is smaller than
X/ht-1.95 and X/ht-2.0. Negative the measured one. For X/ht larger than 4.2
velocities are reported from experiment at the measured pressure drops considerably
X/ht-2.0 only. The differ-nces between below the calculated one indicating a
calculations and experiment become smaller strong local acceleration of the flow
further downstream (Fig. 3.1.21). Solution which is much smaller in the calculation.
NS2 agrees better with the "free-stream" The static pressure on the upper wall
velocity which is underpiedi-ued by NSl (without separation?) agrees with that of
(Fig. 3.1.21). The boundary layer profile the experiment (Fig. 3.1.26).
is fuller in solution NS2 and somewhat
closer to experiment near the wall than in
solution NSl which still shows negative Mean Velocity Profiles
velocities (Fig. 3.1.21). Here only a selection of mean velocity
Shear Stress Profiles profiles (scaled by U.... - 403 m/sec -

Shear stress data have been supplied for from experiment) at five X-stations is
solution NSI only. Representative plots shown in Figs. 3.1.27 to 3.1.30; figures
are given 'n Figs. 3.1.22 and 3.1.23. In supplementary to the ones rhown in this
Appendix 3.3.1 the plots at the other section can be found in Appendix 3.3.1.
X-stations can be found. Near the wall the All velocities are scaled by the maximum
Reynolds stress in the calculations is velocity taken from experiment. The
generally smaller than in experiment. In lateral extent of the separation bubble is
front and inside the shock the calculated overpredicted by NSl for X/h, less than
maximum in the Reynold stress is 2.865 and underpredicted downstream of
underpredicted and the distance from the that station. The "inviscid" core velocity
wall where this maximum occurs is much is underpredicted in the whole flow field.
larger than in the experiment (Fig. The most downstream point of the
3.1.22). Downstream of X/ht-2.0 this separation bubble at about X/ht-3.385
distance from the wall of this maximum agrees between calculation and experiment
comes nearer to experimental one, however (see figure in Appendix 3.3.1). The
the magnitude of the Reynolds stress is boundary layer thickness is underpredicted
still underpredicted (Fig. 3.1.23). This by NSI for X/ht larger than 2.969.
figure also shows that the boundary layer
of solution NSI is much thinner than that Shear Stress Profiles
of the experiment (see also Fig. 3.1.21).

Representative plots are given in
CFD Flow Field Figs. 3.1.31 to 3.1.34. In Appendix 3.3.1

the plots at the other X-stations can be
For the solution NSl the mass flow found. Near the w.11 the Reynolds stress
variation in the intake duct is pigtted in in the calculations is generally smaller
Fig. 3.1.24. It can be seen that except in than in the experiment. At the beginning
the shock region the mass flow in the test of the shock the calculated maximum in the
section does deviate from the mass flow Reynolds stress is underpredicted and the
entering the intake on the left by less distance from the wall where this maximum
than 0.1 percent. Figures showing lines of occurs is larger than in the experiment
constant Mach numbers and pressure (Fig. 3.1.31). Downstream of X/ht-2.917
coefficient for solution NSI can be found the distance from the wall of this maximum
in the microfiche, is smaller in the calculation than in

experiment. The magnitude of this maximum
is underpredicted always. Relaxation of
the turbulence, i.e. reduction of the

3.3.1.4.3 Test Case 1.3 - M - 1.37 maximum of the Reynolds stress, becomes
noticeable in the experiment downstream of

Static Wall Pressure Distributions X/ht-3.3 8 5. In the calculation the
relaxation is negligible due to either theFgs. 3.1.25 and 3.1.26 show a comparison piessure gradient or to the turbulence

of the computed and experirental static model.
wall pressure distributions (scaled by the
tunnel total pressure pto) along the lower
and upper wall, respectively. (The
coordinate X along the tunnel wall is CFL Flow Field
scaled by the tunnel height
ht - 0.096 m). Experimental data is shown For the solution NSl the mass flow
by the symbol while solution NSI is shown variation along the duct center line is
by a solid line. The static pressure is plotted in Fig. 3.1.35. It can be seen
plotted as a function of the coordinate x that except in the shock region the mass
along the tunnel axis. As can be seen the flow in the test section does deviate from
shock standing at the downstream end of the mass flow entering the intake on the
the tunnel wall insert spans the whole left by less than 0.1 percent. Figures
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'showing lines of constant Ma.d numbers and
pressure coefficient for solution NSl can
be founi in the microfiche.

3.3.1.5 CONCLUSIONS

Both methods applied used the
Baldwin/Lomax turbulence model. It is
known that this model is not very good for
flows with separation. This general
statement can be made for the flows
analysed in this test case too.
Unfortunately, from the fact that no

calculation results with an alternate
turbulence model have been presented, it
can not he deduced that no better model
exists. Definitely it is very badly
needed.

On the other hand there are questions also
for the experimental people. CFD needs
detailed data on the boundaries of the
computational domain, in this case at the
entrance and exit of the test section.
These data have not been collected for the
flows considered. It would be worthwhile
to repeat those tests and -ather all the
data needed for a more detailea comparison
than was possible here. The question of
the accuracy of the test data should also
be raised. Raising this question does not
mean that the data presented here are in
doubt. But in a future effort, i.e. future
comparison, the dependency of the measured
data on, for example, particle size or
laser power should be investigated. It
should also be determined how close to the
wall the measuring technique selected does
deliver correct data.
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Appendix 3.3.1
Supplementary Figures for Test Case 1

AGARD WG13, Test Case 1.1
Static Wall Pressure on Lower Tunnel Wall
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AGARD WG13, Test Case 1.1
Static Wall Pressure on Upper Tunnel Wall
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AGARD WG 13, Test Case 1.1
Mean Velocity Profiles
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AGARD WG13, Test Case 1.1

Shear Stress Profiles
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AGARD WG13, Test Case 1.2
Static Wall Pressure on Lower Tunnel Wall

0.9 -

Coic. NS 10.8| Co-.NS2

eExperiment

0.7-

0.6- 0 0 .
00

0-0
0.5-

0.4-

0.3-

0.2 I , ,
0 0.5 1 1. 2 2.5 3 3.5 4

X/ht

AGARD WG13, Test Case 1.2
Static Wall Pressure on Upper Tunnel Wall
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AGARD WG 13, Test Case 1.2 AGARD WG 13, Test Case 1.2

Mean Velocity Profiles Mean Velocity Profiles
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AGARD WG13, Test Case 1.2 AGARD WG13, Test Case 1.2

Shear Stress Profiles Shear Stress Profiles
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AGARD WG13, Test Case 1.2

Shear Stress Profiles
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AGARD WG13, Test Case 1.3
Siatic Wall Pressure on Upper Tunnel Wall
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AGARD WG 13, Test Case 1..5 AGARD WG 13, Test Case 1.3
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AGARD WG 13, Test Case 1.3 AGARD WG13, Test Case 1.3
Mean Ve!oclfy Profiles Shear Stress Profiles
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AGARD WG13, Test Case 1.3 AGARD WG13, Test Case 1.3
Shear Stress Profiles Shear Stress Profiles
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3.3.2 Test Case 2 -

Glancing Shock/Boundary Layer
Interaction

3.3.2.1 INTRODUCTION

The assessment of the ability of
computational fluid dynamics (CFD) to K
accurately model intake flow fields is .

being conducted in a two step process.
First, the ability of the codes to model WAVE
simple flow fields whi!h highlight only
one basic flow mechanism will be
assessed. Second, the ability of the / YWUN WALL

codes lo model actual intake flow fields FLOW

with all of its complexity will be
assessed. This initial assessment of
codes for basic flow mechanisms is
required because full component tests do FIG 3.2.1 SCHEMATIC DRAWING OF

not typically have the large quantities GLANCING SHOCK/BOUNDARY LAYER

of data necessary to resolve all the INTERACTION TEST GEOMETRY.
features in the flow field. There are
often interactions between basic flow
mechanismrs in full configurations which location of the shock generating wedge,
:..ke interpretation of the results more the flat plate and the incident and
difficult than with a single reflected shock waves. In this study,
interaction. With this in mind, Test t'ie nominal Mach number upstream of the
Case 2 ha&. been chosen to assess the wedge was 2.94 at a Reynolds number of
ability of CFD codes to model a single, 1.76 E6.
three-dimensional shock wave/boundary
layer interaction which often occurs in Various models of this interaction have
nigh speed rectangular intakes. The been proposed, although all of them
perspective here is not to do a detailed contain the following features. In the
study of this interaction; this and inviscid core region, away from the
other shock ws':e-boundary layer plate and wedge boundary layers, the
interactions have previously been the high energy fluid is turned parallel to
subject of AGARD studies, Ref 3.2.1. the wedge surface. In the viscous
The purpose of this study is to asses region near the plate, the low energy
the accuracy of CFD codes which are fluid is turned much more than the wedge
designed for full intake modeling by angle, nearly following the shock wave
testing their ability to model a singlc. angle. In the lowest portion of the
flow phenomenon, plate boundary layer, this turning

occurs upstream of the inviscid shock
3.3.2.2 PROBLEM DESCRIPTION location. A strong secondary flow is

present in the viscous region with fluid
The problem to be considered is moving along the plate from the wedge
geometrically simple; a ten degree wedge toward the shock wave. This cross flow
is mounted on a flat plate which extends near the plate causes the plate boundary
upstream of tne wedge leading edge. A layer to thicken in the vicinity of the
supersonic freestream flow sweeps along shock and to thin down near the wedge.
the plate and striks the wedge. The Previous computational models of this
shoik wave generated by the wedge flow field, Refs 3.2.6 through 3.2.7
interacts with the boundary layer formed have indicated a vortex-like swirling of
on the plate to produce a highly three- the flow near the plate and slightly
dimensional supersonic flow field. This downstream of the shock wave. Surface
type of interaction occurs in high oil flows and static pressure
speed intakes when the oblique shock distributions on the plate, downstream
wave- formed by a compression wedge of the shock wave show a nearly conical
interacts with the boundary layer formed flow distribution.
on a sidewall, as discussed in Section
2.4.5. The glancing shock/boundary There were three principal types of data
layet interaction has been studied by taken in the experiment. Surface static
numerous authors both experimentally and pressures were measured along the plate
analytically, Refs. 3.2.1 through 3.2.5. across the shock wave at a variety of
The particular flow field to be modeled distances from the wedge leading edge.
in this study has been experimentally Additionally, a traversing nulling pitot
investigated by Oskam, Vas and probe was used to determine both pitot
Bogdonoff, Ref 3.2.2. Fig. 3.2.1. pressure and flow yaw angle at selected
presents a schematic diagram of their locations through the interaction. The
wind tunnel test section showing the yaw angle was measured in a plane
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parallel to the flat plate. Comparisons 2.4

will be made between the results of
calculations and these measurements.
All of the comparisons for this case are 2.2 SHOCK LOCATION
presented in ippendix 3.3.2.

3.3.2.3 CFD TECHNQUES 2.0

This test case was attempted by five 18 \
different research groups as noted in
Table 3.2.1 in section 3.2. The ,
analys½s techniques included Reynolds- 1.6 • \
Averaged Navier-Stokes (NS) and
Parabolized Navier-Stokes (PNS) . The NS
analysis included three different 1.4
versions of Beam-Warming solvers. The
General Dynamics group used the HAWK3D 1.2
code with a k-kl turbulence model,
designated (1S5) for comparison
purposes, while the groups from 1.0 NEXP

Sverdrup-AEDC and Sverdrup-LERC used NS2
NS3

the PARC3D code with a Baldwin-Lomax O.a- - NS4
turbulence model, designated (NS3) and PNS

(NS4) for comparisons. The group from
ONERA, designated (NS2), used an 0.6
explicit Lax-Wendroff solver with a 0 1 2 3 4 5 6
Michel algebraic turbulence model The
PNS analysis was performed at NASA-Lewis
using the PEPSIS code, a Briley-McDonald FIG 3.2.2 COMPARISON OF CFD AND
single sweep LBI solver with a
McDonald-Camarata mixing length EXPERIMENTAL WALL STATIC
turbulence modcl. Details of the various PRESSURE DISTRIBUTION AT X=5. 1
analyses are to be found in the INCHES.
microfiche supplement of this report.

3.3.2.4 RESULTS

Static Pressure Distributions
calculations have qualitatively modeled

Figs. 3.2.2 and 3.2.3 show a comparison this pressure variation. The NSl
of the computed and experimental static solution has correctly predicted the
pressure distributions on the plate at upstream influence, the location and
two different locations. Experimental strength of the plateau, and the
data is shown by the symbols while the increase into the wedge. The NS2
various analyses are shown by different solution does an excellent job in the
style lines. The static pressure plateau and near wedge region, but
distribution on the plate is shown as a slightly overpredicts the upstream
function of distance from the wedge at a influence of the interaction. The PNS
specified distance from the wedge solution has correctly predicted the
leading edge. Fig. 3.2.2 is located at upstream influence while overpredicting
5.1 inches from the leading edge of the the pressure levels downstream of the
wedge. Considering the figure from shock. The NS3 solution, while slightly
right to left, the pressure is seen to underpredicting the upstream influence,
increase from a free stream value of one has accentuated the plateau region near
to a value of nearly two at the wedge the shock wave. The NS4 solution has
surface. The pressure increase is not greatly underpredicted the upstream
abrupt, as one would expect across a influence and has missed the pressure
shock wave, but is seen to be a gradual, plateau. A similar pattern is seen
distributed increase to the wedge. A farther downstream at X=9.1 as shown in
more careful examination shows that the Fig. 3.2.3. The shock has moved farther
initial increase in the pressure occurs from the wedge surface at the left and
upstream, to the right, of the shock the entire interaction has moved towards
wave. The pressure then reaches a the right. The experimental data does
plateau value in the vicinity of the not extend upstream far enough to allow
shock and increases again downstream of detailed comparisons. Once again, the
the shock Lowards the wedge surface. NSI and NS2 analyses very closely
Considering the CFD results, we see predict the experimental results, the
that, in general, both NS and PNS PNS analysis overpredicts the plateau
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orientation of the curves was chosen to

be consi3tent with the data reports.
region and the NS3 calculation has The flattened profile i3 typical of a
overaccentuatud the formation of the turbulent flat plate boundary layer.
plateau. The NS4 analysis continues to Considering the CFD results, we see that
miss zhe upstream influence and the all five analyses agree fairly well wilh
pressure plateau. the data, although all of the analyses,

except the NS2, are slightly

Pitot Profiles overpredicting the boundary layer

thickness. The NSI analysis mosi
Figs. 3.2.4 and 3.2.5 show comparison of correctly models the external flow, to
CFD results and experimentally measured the right, while maintaining the
pitut profiles in the glancing turbulent bnundiry layer profile. The
shock/bourdary layer interaction. These NS2 analysis maintains a turbulent
profiles were picked as representative profile with the correct boundary layer
of the CFD results; all of the thickness. The PNS analysis has also
comparisons are given in Appendix 3.3.2. maintained the turbulent boundary layer
As with the previcus pressure plots, the shape, yet is overpredicting the
experimental data is given by the thickness of the boundary layer. The
symbols while the various styie lines NS3 analysis is also overpredicting
depict the CFD results. Fig. 3.2.4 boundary layer thickness, although its
shows a pitot profile normal to the shape has become more like a rounded
plate and located 3.6 inches from the laminar profile. The NS4 analysis ,as a
wedge leading edge and 2.9 inches from non-physical oscillation in the profile
the corner formed by plate and the near the wall and overshoots the free-
wedge. This rake location is upstream stream pitot pressure near the boundary
of the inviscid shock location and layer edge. Both of the features may be
represents an inflow condition to the symptoms of turbulence model problems.
interaction. The flow calculations were Fig. 3.2.5 shows a pitot profile normal
to begin near the wedge leading edge, to the plate and located 7.1 inches from
and therefore this rake locAtion will the wedge leading edge and .75 inches
test the codes ability to hold a from the corner formed by plate and the
prescribed, incoming, turbulent boundary wedge. This rake location is far
layer profile. Considering the curve downstream of the inviscid shock
from left to right, the value of pitot location and represents an outflow
pressure is given along the horizontal condition from the inteaction. This
axis with increasing distance from the profile is somewhat similar to a
plate along the vertical axis. This turbulent boundary layer profile, except
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inches from the corner formed by the1.6 plate and the wedge: the same location
as the pitot profile Fig. 3.2.5. The

1.4 - figure shows the computed yaw angle
along the vertical, versus distance
above the flat plate along the

1.2 -/L• horizontal. Cons:iering the curve from
right to left, (.:, moves from external

. flow towards the wall. In the external
flow, the yaw angle is seen to be nearly
nine degrees, cr-responding to the wedge

a 0.8 - E angle and the inviscid turning of theNSl flow by the shock wave. Near the wall,'& NS2
-- NS3 however, the flow is s-.en to turn nearly

0.6 NS4 twenty-two degrees, with the break in. .PNS the curve occurring ncar the edge of the
boundary layer from Fig. 3.2.5. If wenow consider the comparison of the CFD
results, ýe see that all analyses

0.2 properly model the external flow and
predict increased turning near the
plate. While the NSl, NS2, NS4 and PNS

0.0 0 0., , .2 2.0 analyses nearly predict the wall flow0. 0n. turning angle, the NS3 analysis slightly
underpredicts the flow turning. The NS3
analysis seems to predict the beginning

FIG 3.2.5 COMPARISON OF CFD AND of the flow turning too near to the

EXPERIMENTAL PITOT PRESSURE
DISTRIBUTION AT X=7.1 AND Y=0.75
INCHES.

40

S EXP
. . . NSI

near the wall, at the left. The near- 30 . 2 NS
horizontal portion of this curve NS.

. .. . NS4resembles boundary lay-r profiles in ti_ PN.
vicinity of flow separation.
Considering the CFD results, we see that
the NSI, NS2 and NS4 analyses have
predicted this feature, with the NS4
analysis overpredicting the pr-essure
level and the NSI analysis smoothing the
feature somewhat. The NSl, NS2, NS4 and o10
PNS analyses have maintained the
turbulent boundary layer shape through
the interaction and, in general, give
good prediction of the profile shape. 0
The N31 analysis overpredicts the pitotpress-~es n e ir the free stream for

reasons which are detailed in the
microfiche. The NS2 analysis is -10slightly overpredicting the boundary 0.0 0.4 0.8 Z .2 1.6 2.0
layer thickness while correctly modeling
the near wall region. The NS3 analysis
has produced a laminar-type boundary
layer profile and has returned little of
the complex profile seen in the FIG 3.2 .6 COMPARISON OF CFD AND
experiment. EXPERIMENTAL YAW ANGLE

Yaw Angle Surveys DISTRIBUTION AT X=7.1 AND Y=0.75
INCHES.

A comparison of the CFD and experimental
yaw angles is given in Figs. 3.2.6 and
3.2.7. As previously mentioned, the yaw
angle is measured in a plane parallel to
the flat plate. The particular profile
of Fig. 3.2.6 was taken at 7.1 inches
from the wedge leading edge and .75
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wall. A similar trend is seen in Fig. is turned much greater than the wedge
3.2.7, which is located nearer the angle. This feature of the interaction
inviscid shock at 1.25 inches from the is clearly demonstrated in Fig. 3.2.8,
corner formed by the plate and wedge, which shows computed particle traces
As before, the inviscid portion of the through the interaction from the
flow is turned nearly nine degrees Near analysis at NASA Lewis. The wedge is
the wall, however, the flow is now located on the left in this figure, with
turned nearly thirty degrees. All CFD the wall at the bottom, and the view
results predict an increased amount of looking downstream. Two lines of
turning relative to the previous results particles have been released upstream of
with the NSI, NS2, NS4 and PNS analyses the wedge, perpendicular to the wall
again nearly matching the data and the surface. One line is released near the
NS3 results underpredicting the turning, wedge leading edge at the left, the

other out near the center of the flow
40 field at the right. In both cases, the

lower portion of the traces are seen to
be swept more sharply to the right thdn

* EtP the upper portions. The lowest traces,
NSI which would correspond to surface oil
NS2 flow patterns, are seen to coalesce into

30 NS3 a single line; a feature which is alsoS__ NS4 seen experimentally. For the line at the
PNS left, the upper traces are pulled down

onto the wall surface far downstream
from the wedge leading edge, while the

20 upper traces at the right flow up and
over the low energy flow on the surface.SSuch detail leads to better
understanding of the three dimensional
nature of this interaction

0

0.0 0.4 0.8 12 1.6 2.0
Z, in.

FIG 3.2.7 COMPARISON OF CFD AND
EXPERIMENTAL YAW ANGLE
DISTRIBUTION AT X=7.1 AND Y=1.25
INCHES.

Figure 3.2.8 PARTICLE TRACES
FROM CFD ANALYSIS OF GLANCING
SHOCK BOUNDARY LAYER

CFO Flow Field
INTERACTION.

While the previous sections of this
report have dealt with a quantitative
comparisoii of CFD results with
experiment, the CFD analysis also
provides a powerful qualitative
representation of the test case flow
field. We have previously compared the 3.3.2.5 CONCLUSIONS
experimental and computational values of
flow yaw angle in this interaction. The In general, the CFD analyses used in
results indicate that while the free this study, which have been designed and
stream is turned parallel to the wodge built for full intake calculations, have
surface, the flow in the boundary layer done a good job of modeling this
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fundamental three dimensional 3.2.7. Knight, D.D., Horstman, C.C.,
interaction. It appears that the Shaper,B., and Bogdonoff, S., "The
salient physical features of the Flowfield Structure of the 3-D Shock
interaction can be modeled with CFD. Wave-Boundary Layer Interaction
There are some interesting differences Generated by a 20 Degree Sharp Fin at
between the various computational Mach 3", AIAA Paper No. 86-0343, 1986
results, particularly concerning the
three similar NS calculations. Since the
basic algorithms used here are the same,
the differences can be attributed to
differences in turbulence models, the
way the proolem was modeled and possible
enhancements to the computer codes. In
this case, one group chose to model this
interaction with a plane of symmetry,
thus doubling the grid resolution onto
the plate, while anothe: illowed the
flow to slip along the wedge, thus
increasing the resolution of the shock
wave. These types of choices, which are
often made in CFD analysis, are examples
of user involvement in the flow
solution. The current state of CFD
analysis still requires user involvement
in obtaining flow solutions. The same
code run on the same computer by
different users can often give differe:
answers.
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Appendix 3.3.2

Full Comparison of CFD and Experiment
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STATIC PRESSURE X=8.1 in.
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PITOT PRESSURE X=3.6,in.
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YAW ANGLE AT X=7.1,in.
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3.3.3 Test case 3 - Subsonic/Transonic For Loth test cases the free-stream Mach
Circular Intake number was M0 - 0.21. Angle of attack was

u - 01 without sideslip.
3.3.3.1 INTRODUCTION

The test data available from the
Many current military aircraft possess experiments included static pressures,
highly curved intake ducts. These ducts total pressures and some circumferential
can exhibit boundary layer separation flow angles in the engine face plane. Thn
depending on mass flow and/or curvature, total pressures within the boundary layer
CFD could help in the design of those were scanned by total pressure probes at
ducts by identify;ng possibli problems of four circumferential stations just in
this nature at an early stage of a front of the engine face plane. Along the
project, duct walls four rows of static pressure

taps were located.
3.3.3.2 PROBLEM DESCRIPTION

All static and total pressures are scaled
The geometry for this test case consists with the free stream total pressure pt 0 .
of a circular intake followed by an S-bend Coordinates are either scaled with the
diffuser (RAE intake model 2129). maximum diameter of D. - 6.641 in or
Fig 3.3.1 shows its shape (and at the same with the engine face radius R,, - 3.0 in.
time the surfacp grid used by ARA
Bedford). This intake 4s a side-mounted
intake with a horizontal symmetry ?lane. 3.3.3.3 CFD TECHNIQUES
The geometry of an "engine" bullet was
specified too. Because tests with a This test case was attempted by four
serrated tape at different stations on the different research groups (seo table 3.2.1
intake lip showed only a small effect on in section 3.2). BAe Filton used their
internal pe-formarce the tests for this RANSAC code which is a three dimensional,
test case were performed without any cell centred, finite volume, implicit
boundary layer trips attached. Io order to pressure correction methci for the
eliminate the problem of differing Reynolds averaged Navier-Stokes equations.
entrance ccnditiosz within different codes Turbulence is modeled by the standard k-c
the solicitors were asked to calculate the model with a wall function in the near
complece flow from free-stream into the wall region which implies constant shear
intake instead of just the duct flow. stress and no streamwise pressure

gradient. In order to save computer effort
The flow for two mass-flow ratios was to only half of the S-bend diffusor was
be calculated. The test conditions for modelled. Initial conditions were
test case 3.1 (high mass flow) and test estimated by assuming a constant total
case 3.2 (low mass flow) are summarized in pressure up to the entrance plane of the
the following table: calculations. The arid for this geometry

cons'stcd for both test cases of 80*24*22
cells (axial, circumferential, radial). To
find this grid a limited grid dependency

Test Case 3.1 (DP3532): study was carried out. For the turbulent,
isenthalpic flow calculat-ion of test case

Total pressure H0 - 29.889 in Hg 3.1 100 global iterations were needed.

Total temperature T, - 293 K This took 16,544 secondcr of CPU time on a
CRAY-YMP. These numbers are the same for

Flight Machnumber M0 - 0.210 test case 3.2. Their results are

Throat Machrumber l,, - U.794 designated (NSI) in the figures. ARA
Bedford applied their Euler multiblock

'Non-dimensional' WAT, f 0.311 in2W•i method whose flow solver is based on the
Weight low sec explicit central difference scheme

proposed by Jameson et al.. Because of the
Compressor Face symmetry of the intake a grid for the
Machnumbcr MHc - 0.536 half-model was constructed using 38 blocks
Press,re Recovery PR - 0.928 with approximately 90,000 cells. A

circular cylinder extension was added to
Capto're Flow Rativ A,/AC - 2.173 bullet and diffusor. Also, the external
Capture area Aý - 25.245 in1 part of the cowl was doubled In axial

direction. It took 16,000 seconds on a
CRAY2 to calculate the 5000 iterations

'est Case 3.2 (DP3537): considered necessary. To construct the
grid one man needs about half a week and

Total pressure H0 - 19.865 in H9 1200 seconds computer time. Their results

Total tem2erature T,0 - 293 *K are designated (EU) in the figures. The
Dornier group calculated the flow with

Flight Machnumber M0 - 0.210 their three-dimensional Navier-Stokes code
Throat Machnumber Mý, - 0.412 I7ARUS. This is an explicit finite volume

code with the Runge-Kutta-type time
'Non-dimensional' WAT,_ - 0.197 !•--•n integration proposed by Jameson et al..
Weight Flow sec The thin-l, y r approximation and the

Baldw. n-Lomax turbulence rodel were used,
Compressor Fice The assumption of fully turbulent boundary
Machnumber MNf 0.304 layers wbs applied. The grid was

Pressure Recovery PR - 0.9897 constructed for the half-model of the
1%Lake duct only. The boundary layer on

Capture Flow Ratio A0 /A. - 1.457 the bullet is neglected. However, the
Capture area - 25.245 in) computational domain is extended beyond

the engine face plane. The fine mesh
consists of 99,279 grid points. A sequence
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of 3 mesh levels supported by up to 3 The fu,:ther development of the pressure on
multigrid levels was used. Needing 500 the port side downstream in the duct is
cycles on each mesh level it took about 4 typical for an S-bend with constant area
to 5 CPU hours on a CONVEX C220 (single (Fig. 3.3.3) which shows a deceleration in
processor) to arrive at a converged the first bend and an acceleration in the
solution. Their results are designated second bend, i.e. a sinusoidal pressure
(NS2) in the figures. distribution. The deceleration, i.e.

pressure increase, close to the duct exit
The CALSPAN Tenn. group used the implicit, must be due to the highly
approximate factorization scheme of Beam three-dimensional flow around the engine
and Warming applying the Chimera domain bullet. The pressures at the other
decomposition technique. The right half of circumferential stations reveal a steadily
the duct was modeled by six meshes with a decelerating flow with a sudden reduction
tctal of 399,404 points. A seventh mesh in the deceleration magnitude at X/D..
was used during the high mass flow '.4. This could be an indication for a
calculations (test case 3.2) to obtain .urther separation bubble the extent of
better resolution at the internal cowl. which cannot be derived from these wall
The exit plane of the computational domain pressure plots.
was shifted by about five duct diameters
downstream from the engine plane. Both the
Baldwin/Lomax algebraic turbulence model The first comparison with calculations
and a two equation k-c turbulence model should he with the solution of ARA who did
were applied. Approximately 2000 time an Euler calculation (called EU in the
stops were required to converge the flow figures) for this flow. As one can see in
field with the algebraic turbulence model, all figures the pressure drop at the cowl
Starting from this converged solution 100C in the inviscid flow is not as large as
additional time steps were needed to that in the viscous flow. Qualitatively
converge the k-c solution. Their results this is correct because the Euler
are designated (NS3) in the figures. calculations have been performed for the

mass flow given in the experiment. This
means that in the inviscid flow the

Details of the methods used and the velocities in the duct are lower and
results provided by the originators are therefore the pressures are higher than in
given in the microfiche, reality due to the missing displacement

effect of the boundary layers. The
pressure increase between the second and

3.3.3.4 RESULTS third data point in the experiment is not
reproduced. The reason for this could be

3.3.3.4.1 Test Case 3.1 - High Mass Flow either an imperfection in the model
surface or a grid in the calculation which

Static Wall Pressures Along Duct is too coarse to resolve this flow detail
sufficiently. There is only a small

A description and interpretation of the supersonic pocket on the cowl followed by
flow of this test case using the a shock in front of the throat of the
experimental data is very difficult. As intake. From the position of the shock in
can be seen in Figs. 3.3.2 to 3.3.5 the front of the intak, it can be deduced that
static wall pressure drops from the it does not span the intake. Behind the
stagnation point on the intake lip to shock the flow is subsonic, its pressure
supersonic values (P/Pt, less than approx. at all four circumferential duct stations
0.52). All figures clearly show that the is at nearly the same level as could be
flow is supersonic in front of the throat expected for this constant area duct.
(X/D.,x-0.09). There is no explanation Zor Because the inviscid Euler solution does
the pressure increase on all four walls not know separation (at least in theory)
between the second and third data point the shock system on the lip must be
from the left. It seems that the flow different from experiment. The pressure
downstream of the pressure minimum goes drop at the starboard wall at the
subsonic again through a lambda shock beginning of the first bend, i.e. the
system which could have been triggered by acceleration cf the flow, in solution EU
a separation bubble at the throat. There is obviously not large enough for the flow
is a small pressure plateau in Fig. 3.3.4 to go supersonic again. There is no
at about S/D.., - 0.3 which supports this indication of a local shock. This
supposition. At least the second leg of
this shock system is hard to recognize in situation would have been different if
the pressure plots due to the relatively instead of the mass flow the pressure at
large distance between the pressure taps. the engine face or at the throat of the
The pressure level at the wall behind the experiment would have been simulated in
shock system is already influenced by th. the calculation. In that case the flow
first bend following the constant area would have been somewhat closer to
duct piece with the port pressure reaching experiment.
higher magnitudes than the starboard one. The Navier-Stokes solution delivered by
In addition the starboard, top and bottom BAe (called NS1 in the figures) todelled
pressures show a pressure drop that the flow in the S-bend only. Thrir guess
indicates the acceleratio. of the flow of the starting values gave a static wall
necessary lo counteract the centrifugal pressure that Is very close to that of the
forces inside the bend (X/D.,. - 1.0). On Euler solution EU. As can be seen in the
the starboard side the flow becomes figures the static wall pressure is the
supersonic again with a shock at about same on the port and starboard position
S/D., -1.0. In front of this shock the but diffets from the value at the top and
pressure depicts a somewhat erratic bottom position. From that one could
behaviour (the numerical pwople would talk conclude that the inflow into the S-bend,
of "wiggles"). This same behaviour can be although it is not uniform, misses all the
observed in test case 4.1. The port losses due to the shocks on the cowl. This
pressure levels rff at this station only must lead to a totally different flow
(Fig. 3.3.3). inside the duct. Although the pressures in



141

Figs. 3.3.4 and 3.3.5 seem to support this Pressure Recovery And Steady State
assumption it definitely needs a more Distortion
detailed investigation and comparison of
the results than is possible here to come The total pressures at the engine face
to a final conclusion, rake have been integrated to give pressure
The pressure distribution on the cowl in recovery and steady state distortion
the Navier-Stokes calculation performed by values. Two distortion parameter have been
Dornier (called NS2 in the figures) shows calculated. DCA60 is a measure for the
a remarkable agreement with experiment. differen-e between the area weighted mean
However, it reproduces neither the of the total pressure in the engine face
supersonic recompression close to the lip and the smallest mean total pressure in a
highlight nor the second branch of the 60 degree sector in the engine face. DH
lambda shock. Instead the flow in this represents the difference between the
solution stays supersonic in the constant minimum and maximum pitot tube readings in
area duct in front of the S-bend the engine face. The pressure recovery
(Fig. 3.3.5). It even accelerates behind specified here is the ratio between the
the first shock on t0e lip which could area weighted mean of the total pressures
point to a shorter separation bubble. On in the engine face and the freestream
the starboard wall this supersonic area total pressure. In solution NSl the
ends with a relatively strong pressure recovery has been calculated
recompression or shock (Fig. 3.3.5) after twice. The first calculation used the
the start of the S-bend diffuLar. The total pressure values at the same position
pressure gradients on the other as in the experiment. This value can be
circumferential wall positions are not compared directly with experiment. The
large enough to indicate the existence of second calculation used all the
another shock. This shock on the starboard information on total pressure available
wall is obviouly very local only. The from the calculation for the integration.
pressure distribution in the S-bend comes This value is :alled "non-weighted" in
close to that of the experiment, table 3.3.1. As one can see there is a

negligible difference between the two
values in this calculated flow field.

Static Pressures On Cowl Lip Solution NS2 did only the "non-weighted'
integration and therefore differs from

There is only one figure shown here; experiment. A comparison between the two
figures supplementary to the ones shown in is difficult. Although the pressure

this section can be found in Appendix recovery of solution NS2 is closer to the
3.3.3. The pressures are plotted in a experiment than that of solution NSl the
coordinate system with the origin at the distortion values of NS2 are larger than
highlight of the lip. The Y-:'is is normal that of N$1. Both calculation methods
to the intake centreline with pcsitive Y overpredict distortion.
values corresponding to the external shape
of the lip. Fig. 3.7.6 depicts the
underestimation of the pressure redu'tion CFD Flow Field
inside the intake by the Euler solution
EU. The location of the stagnation point From solution NS2 the velocity vectors in
seems to agree with that of the the symmetry plane are plotted in
experiment. However, the pressure taps are Fig. 3.3.13. In this figure one recognizes
not close enough to determine its location that the separation in the S-bend is very
with good accuracy. large, its height reaching nearly the

height of the annulus at the engine
Total Pressures In Boundary Layer At bullet. Yt is this large separation bubble
Engine Face that leads to the underestimation of the

total pressure in Fig. 3.3,'.0. This low
The solution NS2 overestimates the total total pressure region can also been seen
pressures on the top and bottom walls in the engine face (Fig. 3.3.15) in which
(Figs. 3.3.7 and 3.3.8). For this solution the lowest total pressure shown is
there is a good agreement on the port side pt/Pto-0.

7 4
. This is much lower than the

but the results on the starboard side are experimental value of pt/pt,=0.82 shown in
too low (Figs. 3.3.9 and 3.3.10). The Fig. 3.3.14. The extent of the low and
total pressures given from solution NS1 on high total pressure areas is much larger
the bottom and starboard side must be too in solution NS2 than in the experiment.
high because this calculation did not The circumferential location of these two
simulate the losses in the lip shock regions is reproduced correctly. That
system. The total pressursa even exceed solution NS1 is different from experiment
the total pressure of the free-stream, due to reasons stated above can again be

recognized in Fig. 3.3.16. In order to
Engine Face Static Wall Pressures And show that CFD is able to give more insight
Circumferential Flow Angles itno the flow than expsrimental data in

Fi. 3.3.17 lines of constant Mach number
These results are plotted in Figs. 3.3.11
and 3.3.12. (The circumferential position are plotted from solution NS2. The numbers
is defined in figs. 3.3.1 and 3.3.29.) attached to the lines indicate Mach number
Althot'gh solution NS2 shows a good levels, i.e. increasing numbers mean
agreement with experiment in the static increasing Mach numbers and vice versa.
wall pressures there is a large deviation The expansion region on the starboard wall
in the flow angles. The maximum flow angle at the hsginning of the S-bend can be seen
in solution NS! is close to that of clearly. However, there is no indication
solution NS2 both in magnitude and of a shock at the end of this expansion
circumferential location, region as has been deduced above from the

pressure distribution in Fig. 3.3.5. It is
the opinion of the contributors of this
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result that in regions where one could location the circumferential flow angles
expect shocks their grid could be not fine of NS2 differ from measurement (Fig.
enough. To resolve this "problem' more 3.3.27). Although for solution NS1 the
detailed calculations need to be static wall pressures are close to
performed. measurement the flow angles are not.

Pressure Recovery And Steady State
3.3.3.4.2 Test Case 3.2 - Low Mass Flow Distortion
Static Wall Pressures Along Duct These data are given in table 3.3.2. Again

the values calculated by the full
Compared with test case 3 1 the flow of numerical results are designated
this test case is relatively simple. The non-weighted-. The pressure recovery offlow stays subsonic in the whole intake solution NS2 is nearly the same as in the
duct. The top and starboard wall static experiment. However its distortion is
pressure distributions are nearly different from experiment. Pressure
identical. In Fig. 3.3.18 the top one is recovery in solution NSl is smaller thanplotted. As before the prezsures in the in the experiment. DCA60 of solution NSl
Euler solution EU are generally higher is about eight times larger than that of
than the measured ones due to the missing experiment.
displacement effects of the boundary
layer. The Naviur-Stokes solution NS2
underpredicts the pressure minimum on the CFD Flow Field
intake lip which does mean that the
boundary layer in the experiment is Velocity vectors plotted from solution NS2
thinner than in the calculation for which in the symmetry plane (Fig. 3.3.28)a completely turbulent boundary layer has clearly show a separation on the starboard
been assumed. Also, the pressure stays wall inside the S-bend. This separation
below the measured one far into the S-bend can be identified in the plot of constant
(X/D...-l.8) where it becomes larger than total pressure lines in Fig. 3.3.30 as the
the experimental one. At the engine face area with decreasing total pressure (n the
both are equal. The agreement between the starboard side. If one compares thisexperiment and the solution NSI is very figure with the measured data in
good. On the port wall (Fig. 3.3.19) the Fig. 3.3.29 one recognizes that inpressures in the S-bend of solution NS2 solution NS2 the extent of the high total
are very close to the measured ones pressure area is overpredicted and the
although the entering flow, i.e. the area with low total pressure ispreossures in the constant area piece, is underpredicted. The result from '4S1 has no
different. There are bigger differences resemblance with the measured data (Fig.
between measurement and solution NSI. The 3.3.31).
biggest differences between solution EU
and the measurements inside the S-bend are
experienced in Fiq. 3.3.20. This could be 3.3.3.5 CONCLUSIONS
interpreted as the effect of a separation
on that wall which starts at about It is very difficult to come to a
X/D...-1.7. reasonable conclusý-,n from the comparison

between experiment and calculations if the
experimental data are so sparse as in this

Static Pressures on Cowl Lip test case. However, from the difficulties
experienced when interpreting the flow
from measured data it became clear thatThere is a good agreement between the there is a very large potential in CFD for

measured static pressurt s on the cowl and flow diagnostics which are possible due to
the inviscid solution EU (Fig. 3.3.21). the increased amount of information on the
Appendix 3.3.3. flow. This information can be used for

placing instrumentation in intake models
Total Pressures In Boundary Layer At and/or optimizing intake shapes for better
Engine Face performance.

Because intake flows with stronr' secondaryflows are very sensitive to the'onset flow
The total pressures inside the boundary it is very important for the calculations
layer of solution NS2 either agree with that the boundary conditions are specified
experiment (Fig. 3.3.24) or are slightly as
underpreuicted (Figs. 3.3.22 and 3.3.23). as exact as possible. Detailed informationundepreicte (Fgs.3.3.2 ad 3..23 onfreestream flow conditions and ductAt the starboard wall (Fig. 3.3.25) the exit feow conditions are needed. Only with
measurement presents a constant low total ect transition a rbulene Odlspresur ara tat s tickr tan hatof correct transition and turbulence modelspressure area that is thicker than that of will the results of CFD become good enough
solution NS2. In Figs. 3.3.22 and 3.3.23 a
slight shift in the measured data close to quantitatively to be used in actualproject work.the wall sheds some doubt on the accuracy It still seems to be an art to produce

very good results for complex intake
flows. Only the engineer with good

Engine Face Static Wall Pressures And aerodynamic background can decide where in
Circumferential Flow Angles CFD grids need refinements to improve its

results.
The measured static wall pressure In the
engine face is reproduced by solution NS2
except around the 2*0 degree position
(Fig. 3.3.26). This is the samp position
as in Fig. 3.3.25 for which it was
concluded above that the size of the low
total pressure area is underpredicted by
the calculation. In addition at this
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results pressure engine face DCA60 DH
from jrecovery mean

static
press irv

experiment 0.92798 0.72S -0.398 0.198

H~si 0.89000 0.757 -0.417 0.286

10.88781 (non-weighted)

H20.9;063 0.729 -0.884 0.351

TA.BLE 3.3.1 ENGINE FACE DATA FOR TEST CASE 3.1

results pressure enginie face DCA6O DH
from recove-y mean

static

experi~n 0.98974 pressure -026

exe~et 0994 0.922 0.041

.1S 0.96822 0.926 -1.724 0.082

0.9918 0.949 -0.157 0.090

(non-weigh ted)

TABLE 3.3.2 ENGINE FACE DATA FOR TEST CASE 3.2

Port

Top Bottom

(IT S tbd

Rotated View of Side Intake
.ng0h. t.06 plan.

FIG. 3.3.1 VIEW OF GEOMETRY FOR TEST CASE 3 -

Surface grid frcm ARA Euler calculations
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FIG. 3.3.2 TEST CASE 3.1: STATIC WALL PRESSURE ALONG DUCT - TOP
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FIG. 3.3.3 TEST CASE 3.1: STATIC WALL PRESSURE ALONG DUCT - PORT
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I ip constant area S-bend engine
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FIG. 3.3.5 TEST CASE 3.1: STATIC WALL PRESSURE ALONG DUCT -STBO
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FIG. 3.3.6 STATIC PRESSURE ON COWL LIP - STBD
TEST CASE 3.1
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1.20 - ot --- 1.20 -- - tror -------
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FIG. 3.3.9 TOTAL PRESSURE FIG. 13.3.10 TOTAL PRESSURE
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0.5300 . . - - - - - - -
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FIG. 3.3.11 TEST CASE 3.1: ENGINE FACE STATIC WALL PRESSURE
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FIG. 3.3.12 TEST CASE 3.1: ENGINE FACE CIRCUMFERENTIAL FLOW ANGLES

FIG. 3.3.13 TEST CASE 3.1: VELOCITY VECTORS IN THE SYMMETRY PLANE
FROM SOLUTION NS2

S. ml ,
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FIG. 3.3.14 TEST CASE 3.1: ENGINE FACE TOTAL PRESSURE DISTRIBUTION
FROM EXPERIMENT

FIG. 3.3.15 TEST CASE 3.1: ENGINE FACE TOTAL PRESSURE DISTRIBUTION
FROM SOLUTION NS2

TOP
ExmntTIOP 

(delta = 0.01)

STARBOARD PORT

Computed (RANSAC)

BOTTOM

FIG. 3.3,16 TEST CASE 3.1: ENGINE FACE TOTAL PRESSURE DISTRIBUTION
FROM SOLUTION NS1
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FIG. 3.3.17 TEST CASE 3.1: LINES OF CONSTANT MACH NUMBERS
IN SYMMETRY PLANE FROM SOLUTION NS2

- : 0 : :
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FIG. 3.3.18 TEST CASE 3.2: STATIC WALL PRESSURE ALONG DUCT - TOP
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FIG. 3.3.19 TEST CASE 3.2: STATIC WALL PRESSURE ALONG DUCT - PORT
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FIG. 3.3.20 TEST CASE 3.2: STATIC WALL PRESSURE ALONG DUCT - STBD
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FIG. 3.3.22 TOTAL PRESSURE FIG. 3.3.23 TOTAL PRESSURE
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FIG. 3.3.26 TEST CASE 3,2: ENGINE FACF STATIC WALL PRESSURE
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FIG. 3.3.27 TEST CASE 3.2: ENGINE FACE CIRCUMFERENTIAL FLOW ANGLES

FIG. 3.3.28 TEST CASE 3.2: VELOCITY VECTORS IN THE SYMMETRY PLANE
FROMA SOLUTION NS2



FIG. 3.3.29 TEST CASE 3.2: ENGINE FACE TOTAL PRESSURE DISTRIBUTION
FROM EXPERIMENT
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FIG. 3.3.30 TEST CASE 3.2: ENGINE FACE TOTAL PRESSURE DISTRIBUTION
FROM SOLUTION NS2
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FIG. 3.3.31 TEST CASE 3.2: ENGINE FACE TOTAL PRESSURE DISTRIBUTION
FROM SOLUTION NS1
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Appendix 2.3.3
Supplementarv Figures for Test Case 3

AGARD WG13, Test Case 3.1
Static Wall Pressure along Duct
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AGARD WG13, Test Case 3.1
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Static Pressures on Cowl Lip Static Pressures on Cowl Lip
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AGARD WG13, Test Case 3.2
Static Wall Pressure along Duct

0.8-

lip constant area S-bend engine
0.7-l face

0.6-

0.5

5Colc. EU

0.4- , Cate. NSI
CaIc. NS2

SExperiment
0.3 - - -- -T

o 0.5 1 1. 5 2 2.5 3 3.5 4

X/Dmax

v'GARD WG13, Test Case 3.2
Static Wall Pregsure along Duct

1. . E--rin-e•nt

--- - _ --- - - -

constonm area S-bend engine

0.7-- I - face
o

0,6-

05 -Top--

aI
Bottom

-Port

0 ,3 __ __ -------,- -,

0 0.5 1 1.5 2 2.5 3 3.5 4

X/Dmox



160

AGARD WG13, Test Case 3.2
Static Wall Pressure along Duct
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AGARD WG13, Test Case 3.2
Static Wall Pressure along Duct
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AGARD WG13, Test Case 3.2
Static Pressures on Cowl Lip
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3.3.4 Test case 4 - Subsonic/Transonic For both test cases the free-stream Mach
Semi-circular Intake number was M. - 0.21. Angle of attack was

a - 0 without sideslip.
3.3.4.1 INTRODUCTION

The test data available from the
This test case is very similar to test experiments included static pressures,
case 3. However here the circular intake total pressures and some circumferential
is replaced by a semi-circular one flow angles in the engine face plane. The
followed by an S-bend diffusor which ends total pressures within the boundary layer
in a circular engine face cross-section. were scanned by total pressure probes at
CFD was expected to show the influence of four circumferential stations just in
the flow in the intake "corners" onto the front of the engine face plane. Along the
duct flow. I.e., the flow of this test duct walls two rows of static pressure
case is most likely more viscosity taps were located.
dominated than that of test case 3. It is
also more challenging to find a "good"
grid for the intake with its "corners" All static and total pressures are scaled
than for the round intake of test case 3. with the free stream total pressure Po.

Coordinates are scaled with the maximum
3.3.4.2 PROBLEM DESCRIPTION diameter of D... - 6.641 in.

The geometry for this test case consists
of a semi-circular intake followed by an 3.3.4.3 CFD TECHNIQUES
S-bend diffusor (RAE intake model 2129).
Fig. 3.4.1 shows its shape (and at the This test case was attempted only by the
same time the surface grid used by ARA research group of AR.A Bedford. They used
Bedford). The geometry of an "engine" their Euler multiblock method (Jameson
bullet was specified too. Because tests type explicit central difference scheme)
with a serrated tape at different stations to calculate the inviscid flow within the
on the intake lip showed only a small intake. Because of the symmetry of the
effect on internal performance the tests intake a grid for the half-model was
for this test case were performed without constructed using 38 blocks with
any boundary layer trips attached. In approximately 140,000 cells. A circular
order to elininate the problem of cylinder extension was added to bullet and
differing entrance conditions within diffusor. Alno, the external part of the
different codes the solicitors were asked cowl was doubled in axial direction. Their
to calculate the complete flow f~om results are designated (EU) in the
free-stream into the intake instead of figures.
just the duct flow.

3.3.4.4 RESULTS
£he flow for two mass-flow ra:ios was to
be calculated. For test case 4.1 and test 3.3.4.4.1 Test Case 4.1 - High Mass Flow
case 4.2 the test conditions are given in
the following table: Static Wall Pressures along Duct and

Static Pressure-. on Cowl Lip

Test Case 4.1 (DP18813): All results are plotted in Figs. 3.4.2 to

Total pressure H0 = 29.970 in Hg 3.4.4. The experiment shows the following
TT 293 K features. The stagnation point on the

Total tem'perature T0 0 =intake lip is on the outside of the

Fligrot Machnumber M0 = U.211 intake. However, the experimental data
available does not allow one to determineThroat Ma-hnumbýr Mth = 0.701 the exact position of the stagnation point

'Non-dimensional' WAT - 0.307 -in
2 f-i- nor of the point on the lip where theWeight static pressure reachen its minimum. The

Flow flow accelerates around the lip to

Compressor Face MNc = 0.526 supersonic conditions which ind in front
Machnumber of tne throat with a shock (Fig. 3.4.2).

The following subsonic flow is further
P assure Recovery PR - 0.8ý65 decelerated until the pressure realches a
Capture Flow Ratio A,/A, - 2. 4 pressure level inside the constant area

Capture area A, w 24.326 in
2  extension that is quite similar both on

the port and starboard wall. In contrast
to tho flow of the circulas duct of test

.*st Ca~se 4.2 (DP18820): case 3 the flow accelerates on both the
.. t. Ca. . 4.2.......... .... top and starboard wall when it is entering

Total pressure H0 - 29.955 in Hg the S--bend. Because the flow becomes
supersonic again at the starboard wellTotal temperature Tt , - 293 'K during this acceleration there occurs

Flight Machnumber M0 - 0.211 another shock at about S/D_, -1.2. In the
S-bend the pressure distribution on the
port wall is sinusoidal in shape (similar

'Non-dimensional' WATt, - 0,24s in' f
0  to a constant area S-bend). The pressure

Weight Flow sac distribution on the starboard wall

Compressor Face Mý, - 0.387 indicates a steady deceleration of the
Machnumber flow up to the engine face.

Preosure Recovery PR - 0.9781 3ecause of the increased effective areas
Capture Flow Ratio A0,A. - 1.837 in the irtake the pressures :n the Euler

Cprsolution EU must be higher than those in

Capture area A, - 24,326 in' the experiment. Fig. 3.4.2 shows this

S. . .. -- . M W
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effect. In this solution the flow goes to clear whether the flow stays subsonic
subsonic conditions through a shock also. throughout the duct. There could be a
Behind this shock at X/D.,x-0.2 the small supersonic region on the cowl lip.
pressure in EU depictE, a small waviness Again the calculated static wall pressures
which sometimes signals errors in the of the Euler solution are higher than the
surface definition. The difference between measured ones. The difference between the
the measured and the calculated pressure two is not as high as in test case 4.1.
in the constant area duct piece is much This is probably due to the fact that for
higher than in test case 3.1. This could the mass flow considered the boundary
be due to the neglect of the probably very layers, especially those in the intake
thick boundary layers (which could be corners, are much thinner than in test
acccmpanied by local separation) in the case 4.1. The stagnation point is still
corners of the half-circular intake in the located cn the external side of the lip
Euler calculation. To deduce the reason (Figs. 3.4.6 and 3.4.7). Compared with
for the differences between experiment and test case 4.1 the stagnation point did not
calculation inside the S-bend seems to be move very much towards the highlight of
impossible because the flow becomes highly the lip. For the calculation of the flow
three-dimensional even before it enters with an Euler or even Navier-Stokes code
the S-bend. Comparing the pressure it requires an extremely fine grid on the
distribution in the S-bend with that of lip to resolve this small movement of the
test case 3.1 could lead to the conclusion stagnation point.
that both ducts experience similar
separations. The extremely short acceleration region of

the flow on the starboard wall before it

The pressures on the cowl lip are plotted enters the S-bend and its abrupt
in a coordinate system whose origin is at deceleration after it just entered the
the highlight of the lip (Figs. 3.3.4.3 S-bend is not repeated in the Euler
and 3.3.4.4). The Y axis is perpendicular solution. In solution EU the acceleration
to the centreline of the intake. Positive is much weaker than in the experiment. The
Y values correspond to the external part differences in the pressures inside the
of the lip. The stagnation point is S-bend seem to be caused by the
located on the external part of the intake displacement of the steadily growing
lip. However, from the measurement it is boundary layers.
very difficult to determine its exact
position. The acceleration of the flow Total pressures in the boundary layer,
from the stagnation point into the intake static wall pressures and flow angles
differs considerably between the measured at the engine face are given in
measurement and solution EU. the supplementary figures in

Appendix 3.3.4.
Total pressures in the boundary layer,
static wall pressures and flow angles
measured at the engine face are given in
the supplementary figures in 3.3.4.5 CONCLUSIONS
Appendix 3.3.4.

Due to the fact that only an Euler
solution was contributed to this test
case, there are no specific conclusions

3.3.4.4.2 Tes• Case 4.2 - Low Mass Flow possible. However, from the limited
comparison between solution EU and the

Static Wall Pressure, along Duct and experiment it is apparent that it would be

Static Pressures on Cowl Lip a real challenge for the experimentalists
.o repeat the test in more details and the

The results are plotted in Figs. 3.4.5 and numeric people to calculate the flow with
3.4.7. From the measured data it is not Navier-Stokes codes.

/ Yr<;"-'•' !-" 2•,+'• stbd

Rotated View of Side IntNke

,.•,, •Port

FIG. 3.4.1 VIEW OF SEOMETRY FOR TEST CASE 4 -

Surface grid from ARA Euler calculations

- I+ __ U
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Appendix 
3.3.4

Supolementary Figures for Yest Case 4
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AGARD WG13, Test Case 4.2
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AGARD WG13, Test Case 4.2
Engine Face Static Wall Pressure
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3.3.5 Test case 5 - Supersonic Circular Transition during testing hai been forced
Pitot Intake inside the intake duct by a 0.1" band of

0.005" to 0.006" ballotini placed 0.1"
3.3.5.1 INTRODUCTION back from the highlight.

Whereas in test cases 3 and 4 the flow The test data available from the
inside the intake was predominantly experiments included static pressures,
governed by the shape of the intake total pressures, pressure recovery and
entrance and duct, in this test case the steady state distortion values in the
influence of the flow towards the intake engine face plane. The total pressures
onto the duct flow was to be investigated, within the boundary layer were scanned by
The geometry therefore was kept as simple total pressure probes at two
as possible in order to show just that circumferential stations just in front of
effect. Variation of the flow was the engine face plane. Along the duct wall
accomplished by variation of mass flow. one row of static pressure taps was

located.
3.3.5.2 PROBLEM DESCRIPTION

3.3.5.3 CFD TECHNIQULS
In this test case the flow into a straight
circular pitot intake with a contraction This tAst case was attempted by two
ratio of 1.177 (RAE model 742L) at a research groups. ARA Bedford applied their
supersonic flight Mach number of M0 -1.5 Euler multiblock method the flow solver of
was to be calculated. Fig. 3.5.1 gives an which is based on the explicit central
impression of its shape. The "engine difference scheme proposed by Jameson et
bullet" was to be simulated in addition to al. and added a boundary layer
the duct -eometry. cal.ulation. Their results are designated

(EU) for the Euler results and (EUBL) for
The flow for three mass-flow ratios was to the Euler results with the boundary layer
be calculated. For the three test cases results added in the figures. The Euler
5.1, 5.2, and 5.3 the test ronditions are calculations are axisymmetric ones. The
summarized in the following tables: engine bullet was not simulated, however,the duct was extended behind the engine

face. The grid possessed 7000 cells. The

8000 iterations (at a CFL-l.6) considered
Test Case 5.1: necessary for convergence needed 700

seconds on a CRAY2.

Total pressure H, - 108426 Pa The Dornier group calculated the flow with
their two-dimensional/axisymmetricStatic pressure p0 - 29535 Pa Navier-Stokes code ENSFL2D using the

Total tempe-ature Tt 0 - 292.2 "K axisymmetric mode. This is an explicit
finite volume code with thelurnge-Kutta-typ? time integration proposed

Pressure Recovery PR - 0.8978 by Jameson et al.. The Baldwin-Lomax
turbulence model was used. The assumptionCapture Flow Ratio AO/AC - 0.9307 of fully turbulent boundary layers was

Capture area A¢ - 8.086 in' applied. Up to five grids with varying
density havc been used during the
calculations. The finest grid with 30,720
cells in hilf of the duct was used only

Test Case 5.2: for test case 5.1, i.e. for the highest
mast flow. Both the bullet and the intake
duct were extended beyond the engine face
plane. To arrive at a converged solution

Total pressure H, - 108359 Pa fLr one given engine face static pressure
Static pressure p0 - 29517 Pa it took 20 to 25 minutes CPU-time on a
Total temperature T,0 - 292.8 "K CONVEX C220 (single processor). In order
Flight Machnumber H, = 1.5 to calculate the flow for a given massh -flow the flow for several engine face
Pressure Recovery PR - 0.9246 static pressures has to 1be calculated. The

time for such a solution depends heavilyon the skill of the code user. The result-
Capture area A, - 8.086 in' are designated (NS) in the figures.

Details of the methods used and the
results provided by the originators are

Test Case 5.3: given in the microfiche.

Total pressure H, - 108525 Pa 3.3.5.4 RESULTS

Static pressure p0 - 29507 Pa The stand-off of the shock ahead of the
Total temperatur To - 292.8 *E intake lip varird for the three enginemTss flows selected thus producing varying
Flight Machnumber M0 - 1.5 spillage around the intake lip.

Pressure Recovery PR - 0.9267

Capture Flow Ratio Ao/Aý - 0.2980

Capture area A, - 8.086 in"



172

3.3.5.4.1 Test Case 5.1 - Highest Mass Solution EUBL overpredicts the total
Flow pressure in the boundary layer at the

engine face whereas solution NS

Static and Total Pressures underpredicts this total pressure at the
intake wall and seems to overpredicts it

The static wall pressures are plotted in closer to the engine bullet (Figs. 3.5.6
Figs. 3.5.2 to 3.5.5. The flow into the and 3.5.7 in which the total pressure is
in'ake which is subsonic behind the shock referenced with the Zree stream total
in front of the intake lip is pressure).
characterized by a strong acceleration
from the stagnation point which is just
inside the lip (Fig. 3.5.5). The static 3.3.5.4.2 Test Case 5.2 - Medium Mass Flow
pressure reaches sonic values at the
throat and goes slightly supersonic Static and Total Pressures
downstream of the throat. Somewhere at
S/D=._-0.6 this supersonic flow goes The static wall pressures are plotted in
subsonic again through a shock. Figs. 3.5.8 to 3.5.11. As can be seen the

pressures along the internal intake wall
There is a good agreement between the indicate completely subsonic flow in
pressures of EUBL and the experiment from Fig. 3.5.8 and superscnic flow on the
the stagnation point towards the intake external wall in Fig. 3.5.9. Compared with
throat. Deviation starts shortly before test case 5.1 the stagnation point on the
the ge-netric throat (Fig. 3.5.2). This is intake lip moved more into the intake
due ti the prodedure by which this (Figs. 3.5.10 and 3.5.11).
solution was determined. Because in the
Euler solution the same mass flow has been Solution EUBL very slightly overestimates
simulated as in the experiment the the static wall pressures inside the duct
calculated pressures must be generally whereas on the outs:ide its pressures are
higher than the measured ones. This means slightly smaller than those of the
that the Euler flow does not go supersonic experiment (Figs. 3.5.8 to 3.5.10). The
at the intake throa' (Fig. 3.5.2). By just location and pressure level of the
adding once a boundary layer solution onto stagnation point are reproduced correctly

the Euler result, i.e. without iterating byaEaBin(Figs 351 and 3..1). the
between Euler and boundary layer by EUBL (Figs. 3.5.10 and 3.5.11). The
betweeation, Eue a toundcar t ar shape of the pressure distribution inside
camculation, this situation cannot be the boundary layer at the engine face is
improved satisfactorily. It is, however, also slightly different from theremarkable that downstream of the

experimental one. The boundary layer
supersonic region in the intake duct
solution EURL is not too far off the thickness is slightly larger in E.BL than

experiment. That could mean that the flow in the experiment (Fig. 3.5.12).

in the downstream duct is not very much Solution NS underpredicts the static
affected by the upstream flow, pressures inside the intake duct

(Fig. 3.5.8). This could be due to a
Inboundary layer that is thicker than in the
plateau at the throat inside the intake is experiment. The recompression on the
iarly reached by solution NS xeiet h ecmrsino h
(Fig. 3. .hed se son acceleration outside of the intake lip differs from the
(Fig. 3.5.2). The supersonic measured one (Fig. 3.5.10). However, the
downstream oF the throat is also downstream static pressure values on the
reproduced. But, instead of showing a outside of the intake reach exactly the
terminating shock the pressures of experimental ones. Figs. 3.5.10 and 3.5.11
solution NS indicate a broad area where- show that the location of the stagnation
the pressure increases and the flow goes point on the lip is reproduced very well.
subsonic again. The contributors of this The total pressure (referenced with the
result explain this effect with the free stream total pressure) in the
coarseness of the grid in this area. The boundary layer (Fig. 3.5.12) indicates a
deceleration of the flow in the diffusor small but noticeable difference tu the

takes place at about the same rate but at measured one. This figure does not confirm
lower pressures, i.e. higher Mach numbers, the speculation from above that the
than in the experiment. A possible reason boundary layer might be thicker in the
for this could be that the displacement calculation than in the experiment. The
thickness of the boundary layer in NS has shape of the total pressure curve of the
been larger than in the experiment calcdlation indicates a higher mass flow
necessitating a lower exit pressure to in the boundary layer which does also lead
reach the same mass flow, This then to lower static pressures inside the duct.
results in lower duct pressures. Whethez or not this is the only reason for

the reduced duct pressure cannot be
The pressures on the external wall determined.
.ownstream of the highlight of the lip

agree quite well between experiment and 3.3.5.4.3 Test Case 5.3 - Small Mass Flow
solutions EUBL and NS. However,
differences can be observed 'a Fig. 3.5.3 Static and Total Pressures
closer to the highlight of the intake lip.
Details can best be seen in Fig. 3.5.4 For this mass flow the stagnation point on
which shows that both solution EUBL and NS the lip moves even further into the
miss the small region of constant pressure intake. On the inside of the intake the
at Y/D,. < 0.026. It is interesting to acceleration of the flow is reduced. On
see that both solutions deliver a wavy the outside there appears an area with
pressure distribution between this plateau constant wall pressure before the flow is
and the highlight of the lip (fig. 3.5.4). steadily decelerated to the freestream
The stagnation point on the lip of the two conditions. In rig. 3.5.3 of test case 5.1
solutions is close to but not at the there occured a similar constant pressure
correct location (Figs. 3.5.4 and 3.5.5). area on the outside of the intake.
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Solution EUBL is not too far off from the because NS is an axisymmetric calculation
measured static wall pressures on the the integration of the engine face total
inside wall of the intake (Fig. 3.5.13). pressures to form the pressure recovery
The details on the lip can be observed in was different from that of the
Figs. 3.5.15 and 3.5.16. There one sees experimentalists. It is therefore somewhatFig. 35.1 an 3..16 Thre ne ees difficult to compare these data. The

that the calculated stagnation point resul

pressure does not reach the measured one. results are given in the following table:

Also the location of the stagnation point
is shifted more to the ii,.4ide in the Experiment SOLUTION NS

calculation. On the outside of the lip test.case.5.1...... ....... 8... .... 568.....

solution EUBL does not reproduce the test case 5.1 0.8978 0.85684

constant pressure region. This constant test case 5.2 0.9267 0.91089

pressure region is most likely due to a

separation. The deceleration pressures The difference between measured and

downstream of this area are slightly calculated pressure recovery of test
underestimated by EUBL. The total case 5.1 is larger than for the other test
pressures inside the boundary layer at the cases. This reflects the large deviations
engine face are very little smaller than between the measured and calculated
the measured ones 'Fig. 3.5.17) with a internal flows already described in
smaller core flow value. section 3.3.5.4.1.

The static wall pressures inside the
intake of solution NS are slightly 3.3.5.5. CONCLUSIONS
underestimated (Fig. 3.5.13) with some
waviness in front of the throat. However, Concerning the Euler plus boundary layer

the location of the stagnation point approach the following conclusion can be
inside the intake is represented quite drawn from this test case. This method
well (Fig. 3.5.15). On the external wall gives reasonable results as long as there
the constant pressure plateau is not are no large separation regions and/or
reproduced by NS (Fig. 3.5.14). The strong boundary layer shock interactions
differences between this calculation and are not occuring in the flow. Even then an

the experiment can best be seen in improvement of the results might be
Figure 3.5.15. The total pressure in the possible if an iteration cycle between
boundary layer close to the engine face is Euler and boundary layer calculations is
slightly underestimated by NS as was the performed.
case with solution EUBL (Fig. 3.5.17). The results of the Javier-Stokes solution

can be considered as good. However, even
for such a "simple" geometry there exists

3.3.5.4.4 Intake Pressure Recovery a need fo' a Locally refined grid. The
results in the separation regions indicate

Intake pressure recovery values have been the urgent need for improved turbulence
produced for solution NS only. However, models.

ZXMRJ4L CS ,w
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FIG. 3.5.1 INTAKE GEOMETRY FOR TEST CASE 5
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3.3.6 Test Case 6 - 2) Hypersonic Intake

3.3.6.1 INTRODUCTION
¥

International interest in hypersonic
flight has been recently rejuvenated
with the Hotol, Saenger, and National
Aerospace Plane (RASP) projects spurring
research efforzs in high speed
aerodynamics, propulsion and materials.
In the propulsion area, highly
inteqrated, non-conventional propulsion
systems offer the greatest promise for
suntsined air-broathing flight. As
le3cribed in Section 2.4, a highly
interateJ efficient intake is a key
component of any proposed hypersonic or
sup-.rsoni,. cruis vehicle. The intake
mu..,. conduct high energy external flow
into the combustion system as FIG 3.6. 1 SCHEMATIC DRAWING OF
cff- "iently as possible. Much of the P8 INTAKE FROM REF 3.6.1.
technology base for this effort depends
on the progress in CFD for su.personic
dne hypersonic flows. Several factors
affecting the accuracy of hypersonic
intake calculations will be addressed in rectangular mixed-compression design

with exiting supersonic flow. The cowlTest Case 6 by comparing the results of hegti 8.9cfrbd lnth s
flow calculations with experimental height is 8.89 cm, forebody length is

,resltsforthesuprsoic orton f a 82.28 cm, overall length is 127 cm, andresults for the supersonic portion of a

hypersonic intake systemI width is 35.56 cm. On design the
nominal 6.5 degree wedge produces an

Hypersonic flows are characterized by oblique shock which passes just outside
hypesonch ithe cowl lip and delivers a Mach 6.0hegighs, Mach flowum radits in the iflow at the entrance to the intake.
regions, high flow gradients in the Aohrsoki eeae ytecw

vicnit ofshok wves an thck, Another shock is generated by the cowlvicinity of shock waves, and thick,

heated boundary layers. To accurately lip and this shock traverses the
model the flow in the high grauients internal flow passage and is reflected

near shocks, one must typically resolve from the ramp surface back onto the

these features computationally with contoure to ovide a onl

large numbers of mesh points. Most flow distred ompresion a nth

calculations in this regime encounter vinity of mth esh ion , the

some degree of post-shock numerical vicinity of the shock reflection, the

oscillations, which can be minimized flow field was surveyed with a

either through some form of artificial traversing pitot pressure probe to
viscosity, upwind differencing obtain pressure profiles throughout the
vechiscosi , upwind rediff gre id intake. Static pressures were measured
techniques, or increased grid along the ramp and cowl surfaces and
resolution. To accurately model high some temperature profiles were obtained
temperature flows, one needs to model with the pitot pressure profiles.
the real-gas effects. This model can
take several forms from the simplest While the high throat width to height
specific heats as a function of ratio of this intake makes it possible
temperature to the more complex chemical to model the centerline flow two
kinetic models. To azcurately model the dimensionally, some comparison of 2D
thick boundary layers present in dmninly oe cmaio f 2versus 3D modeling of the flow can also
hypersonic flows, one may need to be assessed. The three dimensional
consider a variety of turbulence and effects are present in this intake due
transition models, to the glancing shock/sidewall boundary

3.3.6.2 PROBLEM DESCRIPTION layer, internally, and the outflow alongthe ramp surface, externally. In
addition, while the free stream Mach

The hypersonic intake to be calculated number is sufficiently high to assess
for Test Case 6 was originally tested at hypersonic flow calculations, the free
the NASA Ames 3.5 Foot Hypersonic Wind stream total temperature is much too low
Tunnel at a nominal test Mach number of to assess real-gas chemistry models. Ref
7.4, free stream Reynolds number of 3.6.1 has determined that boundary layer
8.86E06 per meter, and total temperature transition occurs at X-35 cm. on the
of 811 degrees K, Ref 3.6.1. A wedge and X=107 cm. on the cowl, so some
schematic drawing of one configuration asqessment of transition and turbulerce
of the intake, designated P8, is shown models can be made. This intake has
in Fig. 3.6.1. The intake is a Mach 7.4

• ' >-_
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been previously analyzed by several conditions are given iii Appendix 3.3.6.
authors, Refs 3.6.2 to 3.6.4, in support We will now consider a few
of high speed projects. representative results from this larger

group. Figs. 3.6.2 and 3.6.3 shows a
3.3.6.3 CFD TECHNIQUES comparison of the computed and

experimental static pressure

This test case was attempted by six distributions on the ramp and cowl of
different research groups, using seven the intake. Experimental data is shown
different codes, as noted in Table 3.2.1 by the filled symbols, all three
in section 3.2. The analysis techniques dimensional calculations are shown by
included both two and three dimensional the symbolqd lines, and all two
Reynolds-Averaged Navier-Stokes (NS), dimensional calculations are given by
two and three dimensional Parabolized plane, unsymboled lines. The static
Navier-Stokes (PNS), and two dimensional pressures are all measured downstream
Euler (EU). The NS analysis was of the intake cowl lip. Considering Fig.
performed by five different groups using 3.6.2, the distribution on the ramp from
different types of flow solvers, and the experimental data, and moving from
different turbulence models, including a left to right, we see that the pressure
laminar calculation. The group at increases sharply at the location where
Aerospatiale used the NS2D code, a the shock generated by the cowl strikes
centered explicit finite difference and reflects from the ramp surface, near
scheme with multigrid accelerator and an X=6.2. The inte.:nal portion of the cowl
algebraic turbulence model by Michel. has been contoured to produce a

This solution i; designated (ANS2) ai.d
they have not submitted total _0

temperature profiles for comparison with EXP
experiment. Dornier has submitted a _ Eu
laminar three dimensional NS, designated ANS2

(LNS3), and a turbulent three LNS3
dimensional NS calculation, designated 50. DNS3
(DNS3). The General Dynamics group _ GNS3
used the FALCON code, a finite volume, __ GNS2
multi-block solver with Roe's flux
difference splitting and a Baldwin-Lomax PNS2
turbulence model. This group performed 40 . MNS2
both two dimensional and three SNS2
dimensional calculations, designated
(GNS2) and (GNS3) respectively. The
group at Messerschmitt-Boelkow-Blohm
performed a two dimensional NS analysis0 /

using the NSFLEX code, a finite-volume,
flux-extrapolation code, designateo -
(MNS2), with a Baldwin-Lomax turbulence /

model. The Sverdrup group used the PARC /1'
code, a Beam-Warming ADI solver with /
Baldwin-Lomax turbulence model and 20 /

designated (SNS2). The PNS analysis was,// /
performed at NASA-Lewis using the PEPSIS /

code, a Briley-McDonald LBI solver with
a McDonald-Camarata mixing length /
turbulence model. This group also /0
performed both two dimensional and three
dimensional calculations designated
(PNS2) and (PNS3) respectively. The
group at Aerospatiale also analyzed this
intake using the FLU3M multi-block Euler 0 6.2 6.4 6.6 6.8 7.0
solver. Only intake static pressure X/XREr
comparisons are possible with this
analysis, desigrated (EU). Details of
the various analyses are to he found in
the microfiche supplement of this
report. FIG 3.6.2 COMPARISON OF CFD AND

3.3.6.4 RESULTS EXPERIMENTAL RAMP STATIC
PRESSUnE DISTRIBUTION.

Static Pressure Distributions

Detailed compa:ison of computed and
experimental results for all requested

II
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distributed compression near the Considering the experimental pressure
shoulder of the intake. Because of this distribution on the cowl, Fig. 3.6.3,
contouring and the interaction of the and again moving from left to right, the
shock with a thick boundary layer, the pressure slowly inczeases due to the
pressure rise is spread from near X-6.2 internal contouring of the cowl. Near
to X=6.4. Near X=6.4 the flow turns X=6.6, the pressure decreases due to the
over the shoulder of the intake and the expansion from the ramp shoulder
pressure increases much more slowly with striking the cowl and then sharply
distance. Considering the CFD analyses, increases as the cowl shock strikes this
there appears to be a great deal of surface after being reflected from the
scatter about the experimental results, ramp. Considering the CFD analyses, we
In general, the three dimensional again see substantial scatter from the
computations more closely match the experimental results and, in general,
experimental results than the two the three dimensional computations
dimensional calculations which would compare better with the experiment than
imply that three dimensional effects are the two dimensional computations. The
quite important in this speed regime in EU analysis does a good job of
spite of the high aspect ratio of the predicting the distributed cowl
intake. The EU analysis has compression, but does not model the
underpredicted the pressure rise, impingement of the reflected shock very
probably because it does not account for well. This again could be due to the
the additional compression effects of lack of boundary layers in this analysis
the cowl boundary layer displacement. and therefore the neglect of

The shock location was achieved by displacement effects on the shock

setting a virtual origin of the cowl as location. The ANS2 analysis correctly

detailed in the microfiche supplement.
The ANS2 analysis has predicted the
shock impingement upstream of the
experimental location while
overpredicting the pressure rise through _0

the shock reflection. The LNS3 analysis EXP
has slightly underpredicted the pressure - - - EU
rise and places the shock downstream of - ANS2
its actual location; both effects are LNS3
consistent with underpredicting the 50 ONS3
boundary layer thickness. The DNS3 - NS3
analysis does an excellent job of __ GNS2
predicting both the pressure level and . .. PNSo

the shock location. The GI.S analyses PNS2
are nearly identical up through the 40 - MNS2 r
early parts of the shock reflection; 5NS2
both predict the shock impingement point SNS2

slightly downstream of the measured I
location. The two analyses split
following the shock impingement which
again indicates possible three a

dimensional effects present in this
reflection. The GNS2 results
significantly overpredict the pressure
rise through the shock reflection. The 2 •
MNS2 analysis correctly predicts the '9
shock location and pressure rise. but
slightly overpredicts the ramp pressure
downstream. The PNS3 code has properly
located the shock reflection location
and strength while the PNS2 analysis
locates the shock impingesaent correctly,
but overpredicts the pressure rise
substantially much like the GNS
computations. The SNS2 analysis

correctly locates the impingemnnt of the 0 ' 6 . 6 65.8 6.0 6.2 6.4 6.6 6-8 7.0

cowl shock and closely models the x/vREr
distributed compression. At the shock
impingement, this code predicts a small
separation bubble, which accounts for
the rise in pressure upstream of the FIG 3.6.3 COMPARISON OF CFD AND
impingement point. The experiment gives EXPERIMENTAL COWL STATIC
no indication of such a separation. PRESSURE DISTRIBUTION.
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models this feature of the flow,
although the shock pressure rise is
smeared over some distance. The LNS3
analysis has predicted the shock
impingement but not the pressure rise
because the laminar boundary layer is
much thinner than the turbulent layer
and does not properly model displacement
effects. The DNS3 correctly predicts the
pressure level across the shock, but
slightly smears the pressure rise. The 5 6.0 6.25 6.5 6.75 7.0

GNS analyses properly model the shape of X/XRcF
the distributed compression and
expansion, but predict the shock FIG 3.6.4 EXPERIMENTAL RARE
impingement downstream of the measured LOCATION WITHIN THE P8 INTAKE.
location which is entirely consistent
with their ramp pressure distributions.
The PNS analysis is able to correctly
model the early pressure increase sharply back to the left which indicates

three-dimensionally and gets the slope, the thickness of the boundary layer on
though not the level, two-dimensionally, the cowl. Noting the shapes of the

The PNS2 analysis better models the boundary layer profiles, we see that the

expansion impingement, probably due to cowl profile is thin and curved which

better grid resolution in this area. usually indicates a laminar profile. On
Both two and three dimensional analyses the ramp, the profile is thick with a
properlynearly linear section which usually
location, yet both overpeledct its indicates a turbulent boundary layer.

strength. The MNS2 analysis correctly Considering the CFD results, we again

models the reflected shock pressure sesaaltog all of the

levels, but smears the pressure rise analyses, although all of the CFD

relative to the data. The SNS2 code results fall to the right of the
results closely track the PNS2 results experimental results in the core flow.

and slightly overpredicts pressures in All of the analyses predict a similar,

the distributed -ompression region. The though different from experimentai,

spike near X=6.6 is probably the result value of pitot pressure upstreem of the

of an additional shock set up by the cowl shock. This is the nearly vertical

computed separation on the ramp. This portion :.f the profile. The ANS2

analysis also correctly locates the analysis has smeared the cowl shock

reflected cowl shocks impingement and pressure rise into a nearly smooth

reflection, curve, although it does a good job of
modeling the boundary layer thickness on

Pitot Pressure Profiles the ramp. The thin laminar boundary
layer of the LNS3 analysis is clearly

Figs. 3.6.5, 3.6.6, and 3.6.7 show indicated, while the DNS3 more correctly

comparison of the CFD and experimentally models the boundary layer thickness.

determined pitot profiles through the The GNS3 analysis is able to correctly
intake; there were nine such rake-s in model the boundary layer height on the
the intake. The location of the rakes ramp, while the GNS2 results

are noted in Fig. 3.6.4. As before, the Underpredicts this growth. A similar

experimental data is given by filled result is seen in the other two
symbols, three dimensional computations dimensional NS calculation. Both PNS
are given by symboled lines, and two analyses slightly overpredict the

dimensional computations are given by boundary layer thickness on the ramp.

plane lines. Considering the The MNS2 analysis slightly underpredicts

experimental data of Fig. 3.6.5 at the boundary layer thickness as does the

intake station X-5.78, the lower part of SNS2 analysis. The pitot profile of the

the figure shows the thick boundary SNSZ calculation is becoming vertical on

layer which has grown on the ramp thr x.. r which is indicative of nearly

surface; the thickness is indicated by sej.Zhe.. flw. The PNS3 analysis has a

the location where the curve turns similar type profile, while the PNS2

vertical, at Y-.075. Continuing up the profile more closely matches the data.

curv(, the sharp turn to the right is The middle portion of the curve, from

indicative of the cowl shock location Y-.13 to Y-.22, shows a great deal of

while the gradual rise to the right and scatter between the computations. For
up is caused by the distributed the same types of codes, three
compression on the inside of, the cowl. dimensional calculations better match

Near the top of the curve, it turns the data than two dimensional. The

1----
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FIG 3.6.5 COMPARISON OF CFD AND FIG 3.6.6 COMPARISON OF CFD AND

EXPERIMENTAL PITOT PRESSURE EXPERIMENTAL PITOT PRESSURE

DISTRIBUTION AT X=5.78. DISTRIBUTION AT X=6.37.

upper portion of the curve describes cowl compression is seen in the sloping

the boundary layer on the cowl. In most section of the curve from Y=.05 to .125,

cases, this boundary layer has been while the cowl boundary layer is seen at

correctly modeled as being much thinner the top. Considering the CFD results,

than the ramp boundary layer. The we see again a great deal of scatter in

scatter at the upper left hand portion the results with three dimensional

of this curve has several possible calculations closer to the data than two

causes. Because the lowest portion of dimensional calculations for the same

all of the curves have been fixed at code. The SNS2 and PNS3 analyses are

Y=0.0, the Y value at the upper left predicting profiles near the ramp which

portion of the curve indicates the indicate a flow separation which is not

computed height of the duct at this seen in the experimental results. The

location. The vertical scatter at this LNS3 analysis continues to underpredict

point can be due to incorrect modeling the boundary layer thickness and the

of the intake geometry. It can also be shock reflection because the analysis is

caused by graphical errors in the post- laminar. The other computations do a

processing of the computed results. The reasonable job of predicting the shape

overall scatter at this location is much of the boundary layer profile near the

more evident in Appendix 3.6.1 at the ramp. All of the codes pick up the

various rake locations, emerging reflected shock wave, though
each of the codes model this feature

The next location to consider is at differently. The GNS2 analysis most

x=6.37, Fig. 3.6.6, a station just closely predicts both the rý,agnitude and

downstream of the reflection of the cowl location of this feature. All of the

shock from the ramp surface. other analyses, except the LNS3, predict

Considering the experimental data, the the break in the curve farther away from

lower portion of the figure shows tniat the ramp than the experiment. This would

the ramp boundary layer has been correspond to predicting the shock above

compressed by the reflecting shock wave its true location relative to the ramp.

and is somewhat thinner than at the The various locations of the break in

previous station. The reflected shock is the curve between the analyses indicate
just emerging from the boundary layer the differences in the ability of these

near Y-.025 as shown by the break in the codes to model these features. Most of

curve. The effect of the distributed the codes correctly predict the slope of

Ui
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the distrib-ated compression region, but ramp which is not seen in either the
all of the analyses fall to the right of experiment or the other analyses. All
the experimental data. The large bulge of the other codes overpredict the
in the SNS2 analysis is caused by the boundary layer pitot profile on the
shock generated by the previously ramp, yet do a reasonable job of
discussed separation on the ramp. The predicting the boundary layer thickness.
cowl boundary layer profile is f2.rly Most of thle analyses are still
well modeled by all the codes, although overpred'cting the central portions of
we again see some variations in the the curve. There is quite a bit of
height of the profiles at the extreme scatter in tle predicted cowl boundary
left part of the curve, layer profiles because of the

interaction of this profile with the
Moving now to Fig. 3.6.7, at X-6.65, a incoming shock wave. As seen in the
comparison is made near the end of the previous figure.. each of the ccdes was
measuring stations. At this location, predicting the shock wave in a sliahtly
the reflected cowl shock is just different location arnd with a different
striking the cowl boundary layer, as strength. As the shock hits the cowl,
shown in the break in the experimental theses variations are magnified in the
data near Y=.10. The lower portion of profiles. In this type of intake, small
the curve shows that the ramp boundary variations at the beginning of an
layer has been compressed thinner than analysis can become larger variations as

one proceeds downstream.

Total Temperature Profiles

0,31: - £P Figs. 3.6.8, and 3.6.9 show comparison
.ANS2 of the CFD and experimentally determinedLNS3

ONS3 Lotal temperature profiles through the
GNS3 intake. There were nine such rakes in

025 - GNS2 the intake located at the same location
. . PNS3 as the pitot profiles. As before, the

PNS7
.NS2 experimental data is given by filled
SNS2 symbols, three dimensional analyses by

0.20 symboled lines, and two dimensional
analyses by plane lines. Considering

0 15
0.30

0.10 -

0.05 -S0

- - 0.20 - EXP
,• • ___ •_ __ LNS3

* __ • . DNS3

W ... GNS3
0.003• • . . GN52

0.00 0.04 0.08 U.12 0.15 _ F 2 I _ .I

pP/Dt . PNS2
.. ..... . MNS2

-. ....... SNS2
FIG 3.6.7 COMPARISON OF CFD AND

EXPERIMENTAL PITOT PRESSURE 0.10 'N

DISTRIBUTION AT X=6.65. /

at the previous station. The 0.05 A
distributed compression is still evident
by the sloping central portion of the
experimental data. Considering the CFD 0.0o

0.0 0.2 0.4 0.6 0.8 1.0 1.2results, we again see a great amount of Tt/TtO
scatter between the various
computations. The LNS3 analysis
continues to underpredict the ramp
boundary layer thickness as previously FIG 3.6.8 COMPARISON OF CFD AND
discussed. The PNS3 and SNS2 results EXPERIMENTAL TOTAL TEMPERATURE
continue to indicate a separation on the DISTRIBUTION AT X-5.78.

Si .._.I
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the experimental data in Fig. 3.6.8 at
intake station X-5.78, we see that
thermal boundary layers are generated on CFD Flcw Field
the ramp and cowl and that the central
inviscid portion of the flow field has In the previous sections we have noted
maintained a constant total temperature, evidence which suggests that three
Reference 3.6.1 indicates that this dimensional effects are present in this
temperature ratio is less than one intake. While the experimental data was
because it was not corrected due to too sparee to quantify three dimensional
uncertainties in other measurements. The effects, the full three dimensional CFD
correct-d value should be one. results gives some indication uf the
Considering the CFD results, all of the extent of these effects. Fig. 3.6.10
analyses except the PNS3 and LNS3 have shows pitot pressure contour through
done an excellent job modeling this flow the intake from the GNS3 anallsis. The
field. In general, the three dimensional location of each plane is noted at the
analyses overpredict the thermal top of the figure by a letter, with the
boundary layer thickness while the two corresponding letter written ne:t to the
dimensional results underpredict the pitot contour plot. The contour plots
thermal boundary layer thickness on the are shown for half of the duct; a plane
ramp. By the end of the intake duct, at of symmetry exists along the left edge
X=6.65 in Fig 3.6.9, the situation has of each plot. The collection of
changed somewhat. The PNS3 analysis horizontal lines at the top and bottom
sti.ll has some major problems, but most denotes the boundary layer on the ramp
of the other analyses, two and three and cowl. The horizontal lines in the
dimensional, are underpredicting the middle of each plot are indicative of
thermal boundary layer on the ramp. the cowl shock wave, which is reflecting
Along the cowl surface, the codes once from the ramp back onto the cowl. To the
again underpredict the thermal boundary right is the intake sidewall with its
layer thickness relative to the associated boundary layer. Because of
experiment, shock/boundary layer interactions, such

as the one studied in test case 2, low
pressure regions develop in the corners
of the intake. The effect of this corner

E EXP phenomenon is seen to extend nearly a
13 .• LNS3 quartez of the distance across duct from

DNS3 the sidewall. it is this corner
-N52 interaction which introduces the three•.GNS2

PNS3 dimensional effects into the intake,
0.25 - - - - PNS2 based on the CFD analysis.

.MNS2
3.3.6.5 CONCLUSIONS

020 There are several interesting
conclusions which can be drawn from a
comparison of CFD and experimental
results for this test case. First,

S0.15 there was a wide variation in the CFD
results, both between different types of
analysis and, within the same analysis,

-. between two dimensional and three

0.10- dimensional calculations. In general, a
three dimensional calculation agreed
better with the experimental results
than a two dimensional calculation using

005 the same code. Second, nearly all of
the codes were a',le to match the

p experimental temperature profiles,
although this result may be misleading.

o uoc While this intake was designed for
0.0 0.2 0.4 0.6 0.8 1.0 1.2 hypersonic testing, it was not tested at

Tt/TtO true flight enthalpies. The ability of
the codes to match these wind tunnel
results, while encouraging, should not
be interpreted as a verification of the
codes ability to model flight

FIG 3.6.9 COMPARISON OF CFD AND conditions. This is not the correct test
case to assess intake code capability

EXPERIMENTAL TOTAL TEMPERATURE for real gas #ffects. Third, there is
DISTRIBUTION AT X=6.65. some evidence that the actual intake

geometry as presented in the report is

ý7-
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FIG 3.6.10 PITOT PRESSURE
CONTOURS THROUGH THE P8 INTAKE.

not being modeled computationally. All conditions that were actually present in
of the analysis teams were provided with the tunnel. And fifth, for this class of
the same information concerning the intakes, it would appear that even small
intake geometry as provided in Ref variations in the flow field upstream
3.6.1, yet each modeled this geometry in lead to large variations between codes
a slightly different way. For hypersonic downstream. This is perhaps a
flows, even small differences in restatement of the sensitivity of
geometry can produce significant hypersonic flow fields to small
differences in flow properties. It would variations in flow parameters, be they
appear that addiLional work is required geometric, or noise in the solution.
in hypersonic intake applications in the
area of geometric specification and flow
solver grid generation. Fourth, none of
the CFD analyses were able to predict
the pitot pressure downstriam of the
ramp shock, but upstream of the cowl
shock. This is the vertical region of 3.3.6.6 REFERENCES
Fig. 3.6.5. In all of the calculations
of this intake of which the author is
aware, including the previously Seebaugh, W.R., Sanator, R.J., and
referenced papers, no one has ever Decarlo, J.P. "Investigation of Flow

matched the experimental data using the Fields within Large-Scale Hypersonic

stated tunnel conditions of Ref 3.6.1. Inlet models," NASA TN D-7150, April,

The many CFD analyses tend to agree with 1973.
one another, but do not match the
experimental data for a parameter which 3.6.2. Knight, D.D., "Improved
is relatively easy to compute, as Nmerical Simulation of Nigh Speed
evidenced by tha results of test case 2. Inlets Singl t he Navigh -Spee

One is then lead to suspect that the Inlets sing tae Novier-0to3e
conditions stated in the report were Equations," AIA Paper No. 80-0383,
different in some way from the January 1980.
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Appendix 3.3.6

Full Comparison of CFD and Experiment

P8 RAMP STATIC PRESSURE
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P8 PITOT PRESSURE X/XREF=5.67
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P8 PITOT PRESSURE X/XREF=5.94
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3.3.7 Test Case 7 -

Mixed Compression Intake

3.2.7.1 INTRODUCTION

The late 1980's have witnessed a renewed
interest in sustained supersonic flight
for both military and civilian purposes.
Experience with the SR-71 and the
Concorde have shown that high propulsion
system efficiency is an enabling
technology for sustained high speed
flight. As described in Section 2.4.2,
the intakes for such propulsion systems
must operate with high total pressure
recovery, low levels of distortion, and
low levels of associated spillage ,bleed
and by-pass drags. These represent
serious challenges for intake designers
of the 1990's. To meet this challenge,
intake designers will rely heavily on FIG 3.7.1 SCHEMATIC DRAWING OF
the use of CFD for intake analysis. To 40-60 INTAKE FROM REF 3.7.1.
assess the current ability of this new
tool to aid in supersonic intake design,
a representative mixed compression
intake flow field will be calculated as
Test Case 7 and the calculations each of the shock reflection locations
compared with experimental results, by means of distributed, Jiscrete-hole,

porous plates. The flow through these
3.3.7.2 PROBLEM DESCRIPTION bleed zones on the centerbody are routed

overboard through the support struts.

The intake to be analyzed is the 40-60 To provide operating margin and insure
intake; a Mach 2.5 design which was normal shock stability, an intake bypass
extensively tested ac the NASA Lewis system is provided in the subsonic
Research Center during the late 1960's diffuser.
and early 1970's, Refs 3.7.1 to 3.7.5.
The intake was built and tested Although the intake was tested with a
principally in support of the American variety of bleed configurations, bleed
SST program to determine basic design amounts, Mach number and mass flow
parameters for axisymmetric mixed- conditions, the following conditions
compression intakes in this speed were recommended for computation:
regime. The intake was also used for
parametric studies of boundary layer Mach number = 2.5
control through bleed, considering many Angle of Attack = 0.0
bleed patterns, distributions and Bleed Configuration = DS
locations. Some details of the inlet Mass Flow Ratio = .886 + others

operation are given in Sectior, 2.4.2.2 Reynolds numbe: = 3.88 E06

of this report. The intake, shown in No vortex generators

Fig. 3.7.1, has a 12.5 degree half angle Bleed doors closed

centerbody and cowl lip aligned with the Reference mass flow is 17.3 kg/sec.

intake axis. Variable geometry was
provided by translating the centerbody These conditions correspond to test

cone along the intake axis. Forty per conditions reporled in Refs 3.7.1 and

cent of the total intake compression 3.7.2. The principal experimental

occurs upstream of the cowl lip by a results available include surface static

shock wave generated by the centerbody. pressures along the cowl and centerbody,

The other sixty per cent of the intake compressor face rake data, and seven

compression occurs internally through a Mach number profiles in the vicinity of
system of shock waves generated by the bleed zones.
reflecting the cowl shock from the
centerbody back onto the cowl and again 3.3.7.3 CFD TECHNIQUES
back onto the centerbody. Just
downstream of the intake throat a This test case was attempted by two

terminal normal shock is formed and the research groups as noted in Table 3.2.1.
resulting subsonic flow is further One group isel A P',rabolized Navier-
diffused to the engine compressor face. Stokes (PNS) technique, while the other

The centerbody is held in place by three used a Reynoi.,s-Averaged Navier-Stokes

struts in the subsonic diffuser spaced (NS) code. 'The PNS analysis was
120 degrees apart. To control performed at NASA Lewis and employed the

shock/boundary layer interactions, PEPSIS code, a single sweep LBI solver

boundary layer bleed is provided near using a McDonald-Camarata mixing length

i 'I
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turbulence model. The PNS was only able
to analyze the supersonic portion of the 0.8

intake because such a technique is

invalid across the terminal shock and in

the subsonic diffuser where the flow is 0.7

elliptic. The group at Sverdrup used M Mode C

the PARC code, a Beam-Warming ADI solver 0 __.r, PNS

with a Baldwin-Lomax turbulence model, NS
and designated NS on the following

plocs. Details of these analyses are 0.5 -

found in the microfiche supplement of 1
this report. • • 0.4 \

3.3.7.4 RESULTS
0.5

Static Pressure Distributions A

Detailed comparison of computed and 0.2

experimental results for all requested
conditions are given in Appendix 3.3.7. 0.1 J
We w-i1 now consider a few

representative results from this larger

group. Figs. 3.7.2 and 3.7.3 shows a 002.6 2.8 3.0 3.2 3.4 3.6 3.8
comparison of the computed and x/. R 4 6

experime.'tal static pressure

distributions on the centerbody and cowl
of the intake. Experimental data is

shown by the symbols while the analyses FIG 3.7.2 COMPARISON OF CFD AND
are shown by different style lines. As EXPERIMENTAL CENTERBODY STATIC
shown in the figures of Appendix 3.3.7, PRESSURE DISTRIBUTION.
there are three sets of experimental
data corresponding to three different

mass flow settings for the intake; mode
A is the lowest mass flow ratio, mode C the cowl shock slightly downstream of

the highest. Both calculations were its experimental location. The normal
performed at conditions duplicating the shock location, however, is properly

high mass flow case, mode C. Therefore, set by the NS analysis. At the
for clarity ir, the plotting, we shall centerbody bleed location the static

only display the mode C data in the pressure is decreased in both the
report and the reader is referred to the experiment and analyses. The NS analysis

appendix for the full comparison. All overpredicts this decrease, but captures

of the data was taken downstream of the the pressure rise through the terminal
intake cowl lip. Considering the shock quite well.
experimental data for the centerbody
plot, Fig. 3.7.2, at the left portion Considering now the cowl plot, Fig.
of the curve, the Jump in the pressure 3.7.3, the jump in measured pressure

corresponds to the first reflection near X=3.1 corresponds to the second

point of the cowl shock on the reflection of the cowl shock, while the
centerbody. The sudden increase in increase near X=3.4 indicates the

pressure around X=3.4 corresponds to the terminal normal shock. Because of the

terminal normal shock. Comparing the plateau shape of the static pressure
CFD results for the centerbody, we see profile, it appears that, even with

th.t the PNS analysis has correctly substantial bleed on the cowl, there is

predicted the location and strength of a separation on the cowl at the shock

the reflecting cowl shock. Up to the reflection with associated upstream
terminal shock, the inviscid flow is influence. Comparing the CFD results
supersonic and the use of a single sweep for the cowl, we see that the PNS

PNS code properly captures the physics analysis has predicted the shock
of the problem. In subsonic regions, reflection location downstream from the

across the terminal shock, in the test location as indicated by the Mode C
diffuser, and ror larga separations, the symbols. The single sweep PNS code does
single sweep PNS does not correctly not properly model the upstream
model the elliptic nature of the flow. influence in the separation and gives

The PNS analysis does not properly instead an attached flow pressure
predict the location of the terminal profile. The downstream pressure levels

ahock because this location is set by correctly correspond to the experimental

conditions at the compressor face and values, but this analysis does not
this type analysis cannot account for properly model the pressure plateau. In

these ... ptic effects. The NS analysis the NS nnalysis, the incoming reflected
has predicted the impingement point of shock is predicted downstream of its
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0.8

0.7
Mods C

0.6 PNS
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0.5

0.4A \
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(.2 FIG 3.7.4 EXPERIMENTAL RAKE

LOCATIONS WITHIN THE 40-60

C.1 INTAKE.

0.0 T ______________________

2.6 2.8 3.0 3.2 3.4 3.6 3.8
X/XREf

1.2

FIG 3.7.3 COMPARISON OF CFD AND

EXPERIMENTAL COWL STATIC

PRESSURE DISTRIBUTION. 1.0 Mods C (M,=I.65)
_ _ PNS

- - - - NS

measured location. This is consistent 0.8

with the downstream prediction on the

centerbody as previously discussed. The
pressure rise across the shock is

properly modeled by the NS analysis, 0.6
although this analysis does not predict
the flow separation.

Rake Profiles
0.4

Comparison has been made between the CFD
results and experimentally measured Mach
number prcfiles at seven locations.2
through the intake. The rake locations 0.2
are shown in Fig. 3.5.4, and the results
for all seven raKIs are given in
Appendix 3.3.7. Here we shall present
some representative cases to demonstrate 0.0
the CFD results. Fig. 3.7.5 shows the 00 0.2 0.4 0.6 08 1.0 ;2
Mach number profiles at rake location 2, MMe

on the centerbcdy, downstream of the
first shock reflection. The symbols FIG 3.7.5 COMPARISON OF CFD AND
indicate the experimental results while EXPERIMENTAL MACK NUMBER
t~e various lines present CFD results.
In this plot, the Mach number has been DISTRIBUTION AT CENTERBODY PROBE 2.
plotted on the horizontal axis

normalized by the external value at the
edge of the boundary layer. The height
is measured normal to the centerbody

surface, in centimeters, along the boundary layer height while correctly
vertical axis, Considering the CFD predicting the shape. The computational
results, we see that the FNS analysis profile has been normalized by an
has correctly predicted the turbulent exterior Mach number equal to 1.65, so
boundary layer shape, as compared with that comparisons can be made with Mode
the data, but has overpredicted the C. Both the NS and single sweep PNS
boundary layer thickness. The NS have correctly predicted the external
analysis has also overpredicted the Mach number at this station for which
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the flow is predominately supersonic.
Moving downstream to probe 4, on the 1.
centerbody slightly upstream of the
terminal shock in the vicinity of ther
throat, results are compared in Fig.
3.7.6. The computational profiles are Mods C (M.17)
nondimensionalized by Mach number equal _.0 __ PNS
1.05 for comparison with Mode C mass
flow ratio. Considering the .
experimental results, we see a turbulent
boundary layer profile whose thickness 0.R
is comparable to the previous rake. The
lower portion of the profile shows the
effects of the local bleed accelerating

u0.6 -

S~0. 4 I

1 0 Mode C (Me=1.05) I

__ PNs |N.0.2
0-94 / a

O0.0

A.0 0.2 0.4 0.6 0.8 1.0 0.2

0.6 45 .

/

"A) FIG 3.7.7 COMPARISON OF CFD AND

EXPERIMENTAL MACH NUMBER
0-4 DISTRIBUTION AT COWL PROBE 6.

0.2 A// nondimensionalized by Mach number equal

/ 1.17 for comparison with Mode C mass
/ flow ratio. The PNS analysis results

'/ compare quite closely with the

00 12 0.4 0.6 - 10 1.2 experimental results with respect tn

M/Me farfield Mach humber. The ooundary
layer thickness is underpredicted and
some details of the lowest portion of

FIG 3.7.6 COMPARISON OF CFD AND the boundary layer are not captured.
In view of a possible separation and

EXPERIMENTAL MACH NUMBER reattachment on the cowl, :uch a
DISTRIBUTION AT CENTERBODY PROBE4. discrepancy is again to be expected.

The NS analysis .s overpredicting the
boundary layer thickness at this rake.

the flow. considering the CFD results, 3.3.7.5 CONCLUSIONS
we see that the PNS code has not been
able to oredict the bleed effects near This test case was analyzed with two
the wall, probably because of the different types of codes, a fast r',nning
elliptic nature of the flow in this PNS code and a slower running NS code.
region. The NS solution matches tne In tho oredominately supersonic portions
profile quite well at this location, of the flow field, the single sweep i'NS
With the free stream Mach number analysis was able to correctly predict
approaching 1.0, an NS code is required; major features present in this intake
th:ý PNS assumptions are beginning to more efficiently than the NS analysis.
break down at this location. However, In those places where elliptic
Considering a rake on the cowl, Fig. effects are important, such aý. the
3.7.7 shows results at probe 6 which is lowest portions of the boundary layer
located downstream of the shock and near the throac bleed zones, the NS
reflection and the cowl bleed zone. The code was clearly svperior. For intake
computational profile was design purposes, it would appear :hat
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the PNS analysis can provide useful
information quickly, but that the NS
analysis should be employed in those
regions where it is truly required.
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Appendix 3.3.7

Full Comparison of CFD and Experiment
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3.3.8 Test Case 8 - Intake/Airframe
Integration

3.3.8.1 INTRODUCTION

One of the ultimate goals of CFD
analysis is the accurate modeling of an J5\
entire aircraft in flight including
engine installation effects. Such a ,.
predictive capability would produce a
more thorough understanding of the F
physics involved in engine/airframe
integration and therefore a better
designed aircraft. In the area of
intake aerodynamics, the effects of
intake installation on entire aircraft
perfor-ince could be optimized. The
test matrix for intake/airframe
integration could be greatly reduced Lf
accurate, fast, computer models of this FIG 3.8.1 SCHEMATIC DRAWING OF
problem can be generated. To assess the
current state of CFD for predicting
intake/airframe interactions, Test Case TEST.
8 was proposed for calculation. In this
test case, CFD analysis of an
experimental parametric study of domain, finite volume FLU3M EU code to
intake/airframe integration will be analyze the supersonic test case.
assessed. Details of these computations are to be

found in the microfiche supplement of3.3.8.2 PROBLEM DESCRIPTION ti eotthis report.

The test case chosen was the Tailor-Mate 3.3.8.4 RESULTS
series of experiments conducted at AEDC
by General Dynamics for the USAF Wright Transonic Test
Patterson AFB, Ref 3.8.1. As described
in Paragraph 2.5.3.1 of this report, For the transonic test case, the free
these tests were a parametric study of stream Mach number was set to 0.9. While
different types and locations of intakes a variety of intake mass flow ratios,
on various forebodies to experimentally bleed rates, and aircraft angle of
determine intake/airframe integration attack and yaw were tested, only one set
efff;ts. Tests were conducted across the c
speed regime with extensive computatiio. This condition had zero
instrumentation in the intake ducts, at angle of attack and yaw for the

the compressor face, and at the intake aircraft. The principal experimental
entrance. Measurements at the intake arrf. Tepicpleprmnaentrance. Mnauremthents feat of the indata available for this case included
entrance included the effect of the pesr itiuin ntedc n

pý:essure distributions in the duct and
forebody flow field on in':ake at the compressor face. Flow field data,
performance. Two of the many cases; one including Mach number, total pressure
supersonic, one transoric, were chosen variation and induced angle of attack
fcr comparison with CFD results. Fig. and yaw were measured at the intake
3.8.1 shows a schematic picture of the entrance. Sverdrup-AEDC has calculated
model with the side mounted rectangular the transonic case and comparison with
intakes chosen for this case. A thorough experimental data is given in Figs.
desc:ription of the model is given in 3.8.2, 3.8.3 and 3,9.4 for their
Section 2.3.3 of this report. calculation. During the calculation, as

detailed in the supplement, significant
3. .8.3 CFD TECHNIQUES differences from the experimental

results were calculated upstream of the
Thi3 test case was attempted by two intake. Because of the magnitude of
research groups, as shown in Table 3.1. these differences, it was decided that
One group used Reynolds-Averaged no comparison could be made with intake
Navier-Stokes (NS) analysis, while the internal measurements. Fig. 3.8.2
other group used an Euler solver (EU). illustrates the differences in induced
The group from Sverdrup-AEDC used the Mach number at the intake entrance. This
three-dimensional blocked version of the figure shows contour plots of Mach
PARC NS code, with a Baldwin-Lomax number with an outline drawing of the
turbulence model, to study the transonic intake entrance and the forebody. The
test case. The group from Aerospatiale top of the figure shows the experimental
used the three-dimensional, multi- results while the bottom gives the CFD
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FIG 3.8.2 COMPARISON OF CFD AND FIG 3.6.3 COMPARISON OF CFD AND
EXPERIMENTAL MACH NUMBER EXPERIMENTAL INDUCED ANGLE OF
CONTOURS AT THE INTAKE FACE FCR ATTACK AT THE INTAKE FACE FOR

TRANSONIC CASE. TRANSONIC CASE.

results. The experiment indicated a
nearly uniform Mach distribution, while Supersonic Test
the analytis indicated a significant
decrease in the vicinity of the ramp
leading edge. The analysis predicted
significant amounts of intake spillage For the supersonic test case, the free
at this test condition with an stream Mach number was set at 2.2. As
associated decrease in velocity at the before, several angles of attack and
ramp leading edge. This spillage is yaw, and engine and bleed mass flows
indicated even more in Fig. 3.8.3 which were tested. The only condition to be
shows induced angle of attack at the modeled was the Mach 2.2, zero angle of
intake entrance. The experiment measured attack and yaw case. Experimental data,
a very smali angle of attauX A.. tht flow as before, consisted of external flow
wrapped around the forebody. The field pitot pressure, Mach n'mber, and
analysis predicts up to 8.0 degrees of induced angle of attack and yaw, as well
flow spillage over the ramp leading as internal compressor face pitot
edge. This value is better quantified pressure, duct static pressure and some
and illustrated in Fig. 3.8.4 which duct rake data. Aerospatiale has
shows angle of attack along a vertical computed the supersonic test case and
line near the centerline of the intake. comparisons between this computation and
Again, the symbols give the measured the test results are given in Figs.
values and the solid line the results 3.8.5 to 3.8.6. Fig. 3.8.5 shows a
from the analysis. The large increase in comparison between the computed and
angle of attack near the ramp leading measured flow fields near the intake
edge is easily noted, face. This plot shows comparison of Mach



214

24

22

C-

20

MACH NUMBER
•> 2.35 A

2.30 8 EXPERIMENT
O Experiment 2.25 C

2.20 D
2.15 E

14 SVERDRUP 2.10 F

12/

0 2 4 6 6

FIG 3.8.4 COMPARISON OF CFD AND JD, ,-

EXPERIMENTAL ANGLE OF ATTACK ON
INTAKE CENTERLINE AT THE INTAKE , E\\A\\

FACE. AEROSPATIALE

FIG 3.8.5 COMPARISON OF CFD ANI

number contours, with the experimental EXPERIMENTAL MACH NUMBER
results at the top, and the CONTOURS AT THE INTAKE FACE FOR
computational at the bottom. The SUPERSONIC CASE.
outline of the forebody on the intake
leading edge is given for orientation
purposes. In general, the comparison is
quite good, particularly considering the
use of an Euler solver in the analysis. case is to compare the results of the
It would appear that boundary layer catis with the pestof
effects of the forebody are very small computations with the experimentsil
for this zero angle of attack and yaw results, it is also useful to consider
condition. Fig. 3.8.6 shows a similar the total flow field predicted by the
comparison of the total pressure at this CFD analysis. Fig. 3.8.7 shows the
location. The comparison with this computed static pressures on the flow
parameter is not as good as with the centerplane and the surface " of the
Mach number; this CFD results show a forebody and intake for the high speed
nearly uniform high recovery flow field case. The shock waves generated by the
while the experiment showed significant nase and canopy are clearly indicated,
gradients near the body. It would appear as are the shocks generated by tie
that the CFD has not properly accounted intake compression ramps. It appears
for losses associated with the shock that an oblique shock has been generated
waves and expansion fans generated by by the diverter between the intake and
the forebody. the forebody and this shock is seen to

pass under the fuselage. These are
CFD Flow Field exactly the airframe/intake integration

features which one would hope to model
While the primary interest of this test properly for improved aircraft

performance.

.R.
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K/ 3.3.6.5 CONCAJUSIONS/RECOMMENDATIONS

GBecause of the difficulty of the
F D C proposed tesft case and the scarcity of

J computational results for this case, it
7 E is difficult to make any assessment of

the ability of CFD to model these types
of problems. It would appear, how'everl
that a significant disagreement between

C the attempted CFO calculation and the
experiment exists for the transonic

TOTAL PRESSURE case. We would encourage future
RATIO additional computations of this test

1.0AEXPERIMt.NT case to help resolve these
1.90 A discrepancies.

.98 C

.97 D'
.9S F 03.3.8.6 REF'ERENCES
.94 G
.93 H
.932 JK 3.8.1 Antonatos, P.P., Surber, L.E., and
.91 L Stays, 0.J., "Inlet/Airplane
.90 M Interference and Integration" , AGARD

B ~ LS-43, Airframe,'Engine Integration,
March 1975.

AEROSPATIALE

FIG 3.8.6 COMPARISON OF CFD AND

EXPERIMENTAL TOTAL PRESSURE
RATIO AT THE INTAKE FACE FOR
SUPERSONIC CASE.

FIG 3.8.7 compuTED STATIC
PRESSURE CONTOURS ON THE
CENTERLINE AND ALONG BODY
SURFACES,



216

3.4 CONCLUSIONS/RECOMMENDATIONS

In this study, experimental test cases discussed here, it is clear that the
have been proposed for calculation to experimental results were either incorrect
assess the current ability of CFD to model or not completely described so that they
inlet flow fields. The proposed test cases could be calculated. In all fairness, most
covered the speed regime from subsonic to of the test cases chosen were completed
hypersonic, and considered flow before the rise in interest in CFD and the
configurations from simple, benchmark lack of detailed information for CFD
experiments to full intake/airframe comparison is understandable. However, in
combinations. computational techniques the future, all experimental programs
from 2D Euler to 3D Navier-Stokes have should be conducted in a way which can
been employed. Having considered the benefit and be the benefit of CFD
computation of each of the test cases analysis. As pointed out in most of the
individually, the following general test cases, CFD can provide additional
conclusions and recommendations can be information concerning the flow fields in
drawn, intakes which one can not obtain in

experiments. The codes must, however, be

PARTICIPATION checked at some points to insure accurate
calculations.

The members of the AGARD Working Group 13
wish to thank and commend all of the Between different calculations performed
contributors to this study. A great deal for the same test case one usually has
cf donated time and effort was spent in seen variations in the results. These
the analysis and computation of these test variations can be attributed to different
cases. Of the eight proposed test cases, computational techniques, different
the greatest number of calculations was representations of the physics problem
performed on test case 6, the 2D (i.e. different grids, different
hypersonic intake. This probably reflects convergence levels, different boundary
the increased interest in this speed conditions), and ultimately different CFD
regime and the important role that CFD users with different levels of experience.
could play in an area where experimental CFD is not yet, nor will it ever be, a
testing is most difficult. The test case mathematical genie in a bottle capable of
with the fewest number of calculations was returning accurate flow fields to any
the D-shaped intake with offset diffusing novice who rubs the lamp. CFD requires a
luct, followed closely by the offset duct lot of experience and physical insight to
case and the intake/airframe case. It is obtain meaningful results. When used in
ironic, and alarming, that the most conjunction with an experiment, it can
calculations were performed on a lead to a better understanding of comples
configuration which has never flown, while physical flows.
the fewest calculations were done for
configurations which exist on most OUT.OOK
aircraft.

It was the aim of the numerical subgroup
RESULTS of AGARD Working Group 13 to give an

overview of today's numerical method's
From a comparison of CFD calculations and capablity for calculating intake flows of
experimental results for eight test cases high speed aircraft. The conclusions to be
the following conclusions have been drawn, drawn are limited and can be given in
Not surprisingly, CFD has better modeled general terms only. A m-re careful study
the simple benchmark experiments than the is recommended in which the accuracy of
full intake/airframe configurations. This, CFD and its dependency on parameters like
of course, cin be attributed to better grids and turbulence models can be
definition of the problem, both investigated. For this study, it is
computationally and experimentally. In recommended that the number of test cases
general and as expected, the full should be limited to a few cases where

experimental data ire plentiful and the
Navier-Stokes solvers have done a better accuracy of the measurements is well
job than the simpler Euler and Parabolized documented. The complexity of the problems
Navier-Stokes solvers, but with a greater
computational expense. There is some should be restricted so that computers
evidence in these test cases that better, available in all Nato countries will be
faster grid generation codes should be capable of modeling the flow. AGARD seems
developed for intake applications. When to be a guod forum to initiate and bring
comparing expetimental and computational together sufficient researchers and
results, there are two chief sources of institutions necessary to provide a
disagreement; the experiment and the comprehensive study for a successful
computation. In some of the test cases completion of such an exercise.
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Chapter 4 subsonicisupersonic wind tunnel of the AEDC (4].

Also, when large free-jet wind tunnels are
AIR INTAKE TESTING used, the air intake can be placed in the jet flow in

such a way as to simulate its actual operation and
establish a representative air supply to the engine.

Symbols are those of Chapter 2, or are specified in
tge text We may mention in this regard the CEP

(Centre d'Essais et de Propulseurs) facilities in France,
Section 4.1 those of the RAE (Pyestock) in England, and the

Aero-propulsion System Test Facility (ASTF) of the
Arnold Engineering Development Center (AEDC) in

SCOPE AND PURPOSE OF AIR INTAKE TESTS the United States [4].

Contents Such physical facilities can be highly useful in
the final stages of air intake-engine compatibility

4.1.1 Validation of air intake tests run without an design, e.g. to adjust the air intake-engine
engine integration devices and to check how the engine

operates at certain limits of the flight envelope.
4.1.2 - Test of the air intakes with engine These facilities come into play only rarely through,

and always at a late stage, in air intake definition
4.1.3 - Air intake Interaction with the aircraft studies. This is because of the large facilities involved,

of the fact that the engines for a new aircraft are
4.1.4 - Similitude parameters generally available atthe required standard only latein the aircraft development, and also because of

simulation limits.
Scope and purpose of air intake tests

Figure 1 illustrates the principle of the test

The purpose of testing air intakes is to qualify setups used, with a free-jet wind tunnel test of the
the flow they deliver to the engine, and to Concorde's Olympus engine-air intake assembly, run
determine the effect they have (in terms of drag, lift at the RAE (Pyestock) IS].
and moment) on the external aerodynamics of the
aircraft. This type of test, which is closer to engine

testing than to air intakes, will not be commented on
These tests are generally carried out using further.

models with no engine, but with another device PLENUMCHAMBER TOPSPILLDUCT
developing the same through-flow as the engine. I

1IONEYCOMB SPHERICAL SEAL I INTAK" THROAT

4.1.1 -Validation of air intake tests run without an BLEED

gngine A-
This question of validation arises essentialiy in -0 4_. EXHAUST

relation to the qualification of an internal flow. The DF - - DIFUSER
best way of validating tests without an engine is to -- •-
test the same air intake with a real engine and 111.1
compare the results. According to bibliographical -
reference (1], "the effect the presence of the engine / WORKING ENGINE SPILL

has on the pressure recovery PR, on the level of/ SECTIONBLEED/ CHAMBER COOLER

turbulence and on the maximum instantaneous PIVOTINGNOZZLE INTAKE BOTTOMSPILLDUCT

distortion is small, and is favorable." :ANGLE OF ATTACK DUMP DOOR
ADJUSTMENT) BLEED

Through this statement may be very
encouraging, it should nonethele;s be kept in mind Fig. I - RAE (Pyestock) free jet test facility (Cell 4)_
that tests without engines may sometimes prove to (P.F. Ashwood - [51).
be less than representative.

The same question of test validity also arises 4.1.3 - Air intake interaction with the aircraft
when the engine face flow conditions defined by a
test on a given air intake model have to be A second line of investigation concerns the
transferred to an engine test rig. We will mention possibility of defining the effect the air intake has on
here only two reference solutions to this problem. the external aerodynamics of the aircraft.
The inflow distortion can be simulated either by
grids or jets upstream in the supply pipe [2], or by Tests in which force measurements are made
constructing an air intake of appropriate form, that on the air intake either alone or with the forward
will recreate the static and dynamic distortion of part of the aircraft can provide a preliminary
certain extreme flight conditions (3]. approximation of how much the air intake

contributes to the overall drag and lift of the &ircraft.
The true response can of course be known by

testing the fu.l air intake-engine assembly whenever In certain cases, the specific contribution of
possible. We comment on this in the next section. the nacelles and the effect of various air intakes onthe aircraft's aerodynamic characteristics can be
4.1.2 -Tests of tile ai intakes with eicjire dzfined by frrr.e meesurements on full models of the

aircraft, with und withoui % ',:acelles.
It is rarely possible to test a real air intake-

engine assembly in a wind tunnel under the same Generally, of course, the level of integration
Mach number, incidence, and altitude conditions as of the air intakes with the rest of the aircraft is such
in flight, because of the wind tunnel size this would that it is difficult to establish a precise separate
require. analysis for each. But it is often by combining these

two types of tests ije, of the air intake alone and of
But there are certain possibilities of running the fu I model, th)t we manage to optimize the

such tests in very large facilities like ONERA's sonic configuration of air intakes with the whole of the
SiMA wind tunnel (8 m iil diameter) vr the 16 foot eircraf.
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A few examples of these testing techniques 4.2.2.5 - Otherdrag measurement methods
will be given below.

4.2.3.- Low velocity air intake tests4.1.4 - Similitude parameters

4.2.3.1 - General conditions
The similitude parameters for wind tunnel

tests of air intakes, generally run on small models, 4.2.3.2 - Test setups
are the following:

4.2.3.3- Engine face instrumentation, and
- same geometry, to scale; measurement of the distortion

- same Mach and Reynolds numbers; 4.2.3.4 - Flow rate measurement
same Mach number distribution and same 4.2.3.5 - Drag measurement

velocity vector orientation at the engine
face; 4.2.3.6- Effect of the aircraft aerodynamic

field
- reduced frequencies, f/tVt, at the engine

face station, inversely proportional to the 4.2.4 -Nacelle installation test using turbine power
scale, A. simulator (T.P.S.).

If the test is run using an engine having the 4.2.1 - General aspects
same characteristic as the engine that will be used in I i difficult to investigate the air intake of afligh1t, the last tw o cond itions are obtained by I sd fi utt n e tg t h i n a e oadjustinh the last ne t otonditionspareobted by thsubsonic turbojet separately from the entire nacelle

containing it, just as it is difficult to investigate the
reduced frequency, N/%Tt x X-1. whole nacelle itself without considering its

interaction with the wing - or with the fuselage, forIf no engine is used, it ih assumed that the those nacelles that are mounted on the mear of the
third condition is met when the iame mean Mach aircraft.
number M2 is set at the engine face station or,
equivalently, the same reduced flowrate The characteristics of the nacelle alone
W (Vt 2)/Pt2 x ?2. nonetheless provide the basis for addressing the

problem as a whole, and it has been shown that the
In this expression, W is the measured flowrate, effect of the air intake of the entire nacelle can be

Tt2 is equal to the upstream stagnation temperature well identified so long as a large part of the outer
Tto (see a few comments in [61), and Pt2 is generally fairing of the nicelle is considered along with it. This
defined as the area mean of the stagnation pressure would include the maximum cross section of the
measured at the engine face (see the references in nacelle, plus enough of the narrower rear part of the
Chapter 2 and a fewcomments in [7] and [8]). boattail part so as to include any supersonic

expansion there may be at the maximum cross
When we want to know the unsteady section, plusthe shockthat boundsit [9].

characteristics of the flow in the air intake (the
fourth condition above), we should make a To study the external flow and the drag, the
distinction between the unsteady distortion and the test setup will have to provide its support from
surging of the air intake. In the former case, as the downstream and, insofar as possible, will follow the
distortion stems from the local instabilities of the boattail of the nacelle, the boundary between the
inflow and depends little or, how the internal flow two being just the diameter needed to ensure the
valving system is arranged downstream, the internal passage of the inlet flow. This means we use
unsteady characteristics measured in reduced a support tube of minimum thickninss, connected to
frequencies are fairly representative. In the latter the boattail part of the fairing by a short fillet.
case, when the air intake surging is being studied, or
for tha't matter any other relatively low-frequency A full investigation of the nacelle also calls for
characteristics involving wave propagation times studying the afterbody characteristics on an
between the intake and the engine, a valve system appropriate test setup, as well as the wing instal-
must be provided at the position of the first lation orthe rear oftheaircraft, asthecasemaybe.
compressor stages, in order to reproduce the Air intake and nacelle insallation tests are
prhenomena exactly, particularly in reduced ds ribtd below.
requency (see one example in section 4.5.2). described below.

4.2.2 - Test of air intakes in high subsonic flow

Section 4.2 4.2.2.1 - Principle of the test setup

TESTS OF SUBSONIC TRANSPORT AIRCRAFT INTAKES and 3. An example of a test setup is given in figures 2

Contents The internal flow is provided at the natural
4.2.1 - General aspects flow rate, which is possible starting at a Mach

number of about 0.6. If we wanted the maximum
4.2.2 - Test of air intakes in high suLsonic flow flow at lower Mach numbers, forced suction would

be needed.
41.:2.1 - Principle of the test •ett•'

The internal flow is measured by a set of total
4.2.2.2 - Engine face equipment and meas- pressuir probes installed at the engine face section.

urement of pressure recovery PR The flow then passes downstream through a
honeycomb filter and a grid to remove non-4.2.2.3 - Flow rate measurement uriformities, and then through a venturi to messure
the flow rate. The flow rate is adjusted by a sytem of

4.2.2.4. Drag measurement with external flaps controlling the area of the outlet.
probes



219

4.2.2.2 - Engine face equipment and measurement of

ADJUSTMENT pressure recovery PR

The degradation of the flow inside a subsonic
air intake under cruising conditions essentially results

SFcv FCfrom stagnation pressure losses near the wall
0 0 surfaces. The pitot tubes should tl'erefore be small,

M° -- and closely spaced near the walls to get a precise
- ;k value for the pressure recove-y, defined by:

P ADJUSTMENT
N FA VENTURI MASS FLOW

ENGINEFACEY CONTROL
FLOW URVEYD FLAPS

'-ROTATING RAKE II ARMS)i Lt2 dA
FOR DRAG pit = P

M EASUREMEI4T1A2tA

Fig. 2 - Example of subsonic intake Figure 3 indicates a typical system including
high speed test rig.(ONERA - SIMA). 108 pitot tubes and figure 5 shows a comparable

system, complemented by a few static probes
mounted on internal rakes, making a total of 136

COWL PRESSURES pressures.

S TOTAL 8 ROTATING RAKES
PRESSURE
PROBES /20 TOTAL PRESSURE

PROBES

10 T.P. 4 STATIC PRESSURE
PROBES PROBES

Fig. 3 - Internal flow survey and external
drag measurement equipment.

The external drag is calculated from the
external flow survey, which is made by a set of
rotating pitot probe rakes. Fig. 5 - Engine face station equipnim.' (Rolls-Royce).

I Igure 4 is a photo of such an arrangement
with forced flow suction, in the Aircraft Research The stagnation pressure losses undei cruising
Association transonic wind tunnel [10]. conditions are of course very small and the .objective

is to measure PR with a precision of ± 0.001. The
quality of the measurements can be verified by the
pressure ratio values measured in the central,
isentropic part of the flow, which should be equal to
unity.

4.2.2.3 - Flow rate measurement

"The flow rate is measured by a venturi. But the
F "precision of this measurement (about ± 0.5 %)

., ,* cannot be guaranteed if the venturi is used under
other than the standard conditions, which is often
the case when the test setups restrict the dimensions
of the pipes.

It is then possible to improve the result by
calibrating the measurement. This is done by
replacing the air intake in question with a sonic-
throat intake, the flow of which can be calculated
precisely beforehand.

In fact, several such sonic throats should be
used if the experimenter has to cover a certain range
of venturi operation and still avoid very supercritical
"regimes thb, might give riie ýo stoiig inteinat

•, distortion and undermine the validity of the
calibration.

A typical sonic throat used is shown
Fig. 4. Drag mesurement by rotating rake (ARA). schematically in figure 6.
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procedure when studyiig the drag of an airfoil byR-2 analyzing its wake (Betz method).

The possibility that the incidence of the flow
in the rake plane might be anything other than zero

EXHAUST is neglected. If it were not negligible, it could still be
_ _ -ANDtaken into account either by calculating it or by
l (VENTURIAND measuring it with yawmeters.

; MF. CONTROL)ONWhen all of the above precautions have been
- __ taken to obtain the best quality measurement, this

26' external probe approach actually yields a very close
SO.9986 CD6 - 1 - -- evaluation of the drag. Its precision can be placed atR'20 C/THROAT CURV. less than 0.1 % of the total drag of the aircraft.

This method is appropriate for an air intake atFig. 6- Reference sonic throat intake zero incidence ; but when the air intake is set at a
for mass flow measurement checking. modest angle of incidence, the same technique can

be applied and still offers a good value for the
configuration. But the exact meaning of the term

The sonic throat flow rates are calculated to a obtained would call for fuller discussion.
precision of better than 0.2 % [1]. Detailed formulae
are given in section 4.3.2.3. 4.2.2.5 - Other drag measurement methods

The rcalibration is made in the wind tunnel, Another way of determining the drag of an air
under the same conditions as in the air intake test, intake is to measure the total internal and external
and, using that calibration, the mass flow measure- force acting on the air intake and then subtract this
ment is obtained with a precision of at least ± u.5 %. from the thrust of the system comprising the

captured tube of flow and the inner part of the air4.2.2.4- Drag measurement with external probes intake. The total force is measured 5y a balance, or
by pressure measurements together with an

The measured drag is the sum of the pre-entry evaluation of the friction, and the thrust is found by
drag and the cowl drag (see Chapter 2, section 2). a momentum analysis. The difference between thetwo is the drag.

This is done by measuring the external flow
with rotating probe rakes at shown in figure 3 and as This approach is f,.voured for air intakes of
can be see in figure 4. complex shapes, or that -,e integrated into an

assembly. It is also appropriate in supersonic tests,Adopting the hypothesis of uniform static where the method using external probes is ;ao longer
pressure in the plane of the rakes, the momentum practical once the external shocks extend far out into
theei-, m is applied to the flow outside the captured the flowfield.
flow and cowl, leading tv the following expression
for the drag: One example of such an approach, applied to

an isolated air intake of revolution, is shown in
figure 7. This type of setup hinders the

p E M representation of the narrowed aft part of the
airintakedrag = p.yM1• A M oR JdA nacelle, more than the first approach did. One

AI p1 1 M
2  difficult problem is the seals between the measured

R to r o(live') and unmeasured (Cearthed') parts as their
in which Ptr is the stagnation pressure measured by stiffness adds to the stiffness of the balance.
the rake probes ; Mr the local Mach number Evaluating the momentum at the outlet throat also
calculated from the ratio po!Ptr ; Er the function requires special precautions (boundary layer checks,
A/A* cf the Mach number Mr AR the area of the etc.).
probing plane.

PC
The rakes are assumec '_•encd out to the

isentropic outer flow. p-

From this expression we can verify that only A0those fluid streams having a degraded stagnation SEAL - "

pressure contribute to the drag. BALANCE

The probes on the rake must of course be Am
more closely spaced near the model surface, to
correctly measure the boundary layer profile. INTAKE DRAG - MEASURED FORCE (BALANCE AND BASE FORCES)

Considering the large areas covered by the + qC, WvE - vo) + PE (IA - %) - Po lAm - A.)
outer probes on the rake, a r, nall error in the
measurement by these probes, results in a significant Fig. 7 - In'ake drag measurement by a force balance.
error in the drag calculation, so specia' attention has ?EC
to be paid to validating their measurements. . Carter tOOf.

In addition to the stagnation pressure probes,
the rakes include a few static pressure probes, for Figure 8 shows how the previous test setup
measuring the pressure profile In the measurement was arranged to study the drag of a two-dimensional
plane air Intake, or one adjacent to a wall. One of the

difficulties encountered of this arrangement was
To account for the pressure deviations from evaluating th* base drag precisely, as the base

p0. a correction is made by adopting the hypothesis pressure is not uniform. Tests with several thoat
ofan isentropic development of the flow to a dimensions did determine the drag variation
fictitious measurement plane where the pressure is precisely though, as a function of the flow rate, at
atsumed to become uniform again. This is a classical different Mach numbers.

-, .. .... ........ .. .... = . ....... ......
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r ADD o 15% Model data
~A0Oa a 33 % Model data

______ ~30-
AsD l~ Flight Reynolds

0~ 2 .=2 numbers

2 - a

a15 o =M.3

C'

2 4 6 8 107 2.107
Rlyno'ds nuniker based on fan diam.

The drag divergence limit as ai function uf the Fig. 9 -Reynolds number effect on angle of attack
Mach number, which is an importent parameter ir. at upper external lip separation (W. Hoelmer- [131).
qualifying an air intake, can sometimes be found by
simple pressure measurements on the forward
portion of the cowl. According to [12], integrating
the external pressures, starting at the stagnation 0- *--a

point, yields the suction lorce compc-nsating the pre-
intake drag (Chapter 2 2bove). end this passes2
through a maximum, exh~ibiting a very sharp drop at rM
tr'e divergence Mach number. (ulsaeM

4.2.3 - Low velucity air intake tests - oel 0 . 025

4.2.ý. 1 - General coi.dliticons /00265

At the cruising Mach numnber, the essential
parameters are the pressure recovery PR and the 1
drag. Under takeoff and landing conditions, though, too 2 4 a j 107 '2
the important paiameters are rather the distortion Reynolds no (based on fan dia)
and the stability of the internal flow. So we are more

partculrlyinteestd i meaurig :Fig. 10 - Reynolds n umber effect on angle of attack
*steady and unsteady internal distortion, in a t lower internal llsp separation (D.L. .Motycka -1141)
the most critical case of static conditions at
take off, n a crosswind Test Ilisle

intake flow
-pressure 'vcovery at takeoff; rilt

distortion at the incidence and sideslip *

limits, at takeoff and landing;-> . ,.

*the incidence limit at which ar external ~ ~ - *.T

separation appears, i e. a suddlen increase in vorj I Aoi 'tc

drag, under redluc~ed flow conditions L melte~r -____ ------- r[.Agn 1 eector
(engine failure during climb). .m.

Preset Er n
Tests have also sh. 'en thart limit conditions of sit- noogle .3"",ed

internal or external separations affectir~g the
operation or air itstakes in these flight configurations
are very sensitive to Reynolds number, and that these Fig. I1I - High incidence in take St tunnel
limits evolve practically right :ep to the flight (Rolls Royce -Hucknall).
Reynolds number. Figures 9 and 10 [13 and 141
illustrate ti.Test facilities capable of reaching high_______
Reynolds number should be used for these studies.----------------

4.2.3.2. -Tlest seILus Test intake Orerwentonieoet

Compared with the test setup used at high Wind
subsonic speeds, iorced suction of the flow is-
necessary here. ~Sn

T .his can be dlone with a suction pump or with -

an ejector nozzle, an example of which is given in the Non M0 engife
dliaý-arns of the Rtolls-Royce facilities at Huckriall prodcin
(Figs. 11 and 12). ______ suclitn

In a pressurizedi winc; tunnO., the equivailenst
effect can also be had simply Uy discharging the flow
to the atmocsphere. Fig. 12 - Cross wind intake test tunnel

(Rolls Ri, -e - Huck nall).
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The test setups should also be capable of recovery Pr, but also the "steady" distortion of the
reproducing high angles of incidence and sideslip, to internal flow.
simulate a crosswind at static (90* sideslip)
conditions. Considering the maximum dimensions The forty unsteady pressure probes that are
that could be used to attain high Reynolds numbers, defined later (in section 4.3.2.2) for fighter plane air
thismayleadtotwodiff~renttestsetups. intake tests may also be used for measuring

maximum instantaneous distortion.
Fiqure 11 and 12 give examples where the

"free jet technique is also used, to take advantage It is not easy to incorporate complete steady
of a maximum model dimension with a limited and unsteady instrumentation without running the
amount of wind tunnel power. risk of choking the internal flow, so special care is

needed in defining the supports. Thus, the air intake
Figures 13 and 14, on the other hand, show is often equipped with only some of these dynamic

the two hig h-Reynolds number setups at ONERA in probes, i.e. in the unstable area affected by the
the low-velocity F1 wind tunnel, operating at 4 bar, separations.
at Le Fauga Mauzac [15]. The air intake is supported
by an extraction pip'. that ejects the captured flow Various distortion indices are often calculated
through a swivel joint to the atmosphere. The swivel for different engine manufacturers. A few indic-
joint is used to set angles of incidence and sideslip ations and references are given on this subject in
through ranges of 35' and 150, respectively. The Chapter 2 Section 2. The meaning of the indices and
interrnal diameter at the engine face section is 0.35 of the frequencies to be considered is briefly
m. discussed in references [7] and [8]. The measurement

SWIRL technique is specified later in section 4.5.1.

INNER DIAM. 0.36 m (a AND 0 4.2.3.4 - Flow rate measurement

ADUSM T Flow rate is usually measured by use of a
venturi. In the same way as with high subsonic tests,
the venturi measurement can be calibrated precisely

known rate of flow can be ensured under calibration

conditions.

I 4.2.3.5 - Drag measurement

As indicated in section 4.2.3.1, the most useful
drag measurement would be the one for an engine
failure during a climb, i.e. at low flow rate and high
incidence. The externaTlprobing technique is not,
however, appropriate for a measurement at
incidence. Moreover, external separation on the
upper part on the nacelle, caused by a reduction in
flow rate at high incidence, has more extensive

Fig. 13-Lowspeed test mountimn consequences than a simple increase in the specific
Aa= 350 AP = 15°(ONERA- F1ly drag of the air intalIe. These overall consequences

can be measured by testing a complete model
equipped with a flow-through n.acelle, the natural
flow rate of which is sufficient at low velocity to be
able to simulate an engine failure.

In the case of an air intake tested alone, we
only determine the incidence limit of the increase! in
dra•g, or the incidence at which the external
separation appears at the reduced flow rate. This
phenomenon is generally sharply pronounced, and a
miieasurement by external pressure taps or a few
st.agnation pressure probes on an external rake is
enough to identify it.

It should also be recalled that the limiting
- , incidence can exhibit larce areas of hyteresis, and

that it varies until veiy high Reynolds numbers are
reached.

IL SWIRL FOR 0, ( ADJUSTMENT 4.2.3.6 - Effect of the aircraft aerodynamic field

Fig. 14 -Cross flow test mounting The mean local flow conditions, at the position
of the air intake, which are reproduced in uniform
flow in the test of the air intake alone, can be
defined by calculations or by local probe

It should be pointed out that areas of measurementsonacompletemodel.
hysteresis in the separation and reattachment When this seems to be inadequate (because of
conditions exist, and that means are therefore a non uniform flow field or a wake from a wing
needed to vary continuously the different upstream, etc.), !.he air intake has to be tested in its
parameters involved - flow rate, angle of incidence; veal field. This calls for a partial or coriplete model of
angle of sideslip -to reveal these phenomena. the aircraft, often to the detriment of scale, and

4.2.3.3 - EnQine face instrumentation, and measure- :hereby of Reynolds number.

ment of the distortion Fig. 15 gives an example of such a test in the
British Aerospace wind turnnel at Hatfield. Trhis typeThe instruments mentioned for the high of test is essentially no different from that of isolated

subsonic tests can evaluate not only the pressure air intakes.

S..~ ~~ ~~ ~ ~ ~~ ~~~... ' ,' ,"I II II I 'II II I
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The TPS units are driven by compressed-air
turbines, which are fed by pipes passing
through the balance, the support and the
model itself, to the nacelle. This air forms
the primary flow of the engine, and is
therefore not captured by the air intake the
way the primary flow of the real engine is.

The fact of operating with a reduced inflow
rate means that the effect this reduction in
the flow rate has on the drag has to be
evaluated. This can be done by using a
model fitted with a f.ow-throuh nacelle
having an internal drag that is calibrated for
two pressure drop grids that will be used to
simulate the two fKow rates, successively.
However, the outer flow is less disturbed if
the nacelle has an air intake of reduced
dimensions, appropriate for a lower flow

Fig. 15-Aft engine intake rate, which is why this alternative is often
with suction test mounting (BAe -Hatfield)- adopted. The difference in drag compared

with the real air intake is evaluated in thesame way, using flow-through nacelles.

4.2.4-Nacelle installation test using Turbine Power When the external flow modifies the
Simulator TPS. blockage conditions of the jet exhausts,

hypotheses have to be adopted concerning
Although these are not actually air intake tests the effect this has on the thrust of theper se, but rather concern the total effect of the model engine, compared to its effect an the

nacelle and of the jets on the aerodynamics of the real engine. These hypotheses are intricate,
aircraft, they are still closely associated, and it is a and applying them may demand thrust
technique that is coming more and more into use, calibration tests on a calibration test rig
which is why we will briefly comment on it here. using variants of the jet exhaust sections.

The principle is to establish an analysis by way The sequence of TPS calibration and force
of a series of experiments: measurement in the wind tunnel operations

using balanLes with compressed air flow-
A calibration test rig mea;urement of the through devices calls for measurements of
flow rate and of the TPS thrust, as a function the very highest quality, and very high-
of the parameters determining them, which performance balance decoupling systems.
are the reduced frequency of the TPS

- Experience nonetheless shows that the
(N/N't) and the outlet expansion ratio of necessary corrections are still small, that the
the fan and primary flows, PIF/Po and PtP/Po. repeatability of the motorized model tests

can be excellent and \hat the precisionThis calibration can be used to calculate the sought can be attained.
thrust of the TPS at the test Mach number,
under the TPS operating conditions.

- Possibly a test using an isolated motorized
nacelle supported by a strut from the wall of
a wind tunnel. The end of the strut
simulates the actual pylon holding the
nacelle on the aircraft, and forces unit are
measured along with the nacelle itself. The
difference between the thrust of the TPS
and the thrust of the assembly defines the
reference drag on the nacelle-strut
assembly.

- A test of a "clean" model of the aircraft, i.e.
without nacelle.

A test of a model of the aircraft, equipped
with motorized nacelles. The difference
between the thrust of the TPS units and the
thrust of the motorized model measured b
the balance yields the aircraft drag with
nacelles included. The difference between..........
this drag and the drag of the clean model
yields the drag of the installed nacelles, and
the difference between this nacelle drag
and its reference drag is the installation
drag.

In fact, we often settle for comparing the
drags of installed nacelles, while the reference I" "' ... U -4 :'
nacelle drag would be either not considered, or "
evaluated by calculation.

Through these tests may be simple in principle, Fig. 16 -Nacelle installation dr measurement,
they do require various corrections: A 340half model test with TPS NERA- SIMA).
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More detailed analyses of the principles and sideslip in uniform flow, and for understanding thetechniques of testing models equipped with structure of the internal flow and the effect of
motorized nacelles are presented in a variety of various geometric or aerodynamic (e.g. boundary
papers in [16] and [171. layer control) variations of the configuration.

When the nacelles are placed under the wing, ENGINE STATION
the nacelle installation tests are easier to run on a FLOWSURVEY SCREENS
half-model mounted on a lateral wall balance, than
they are on a complete model. Figure 16 illustrates a
halfmodel of an Airbus A340 equipped with two
motorized nacelles and mounted on the wall of
ONERA's SIMA wind tunnel.

Section 4.3

SUPERSONIC 4ASS FLOR ADJUSTMENT MAW FLOW MEASUREMENTSUPERSONIC AIR INTAKE TESTS NOZZLE ISONC THROATI IFIXEO SONIC THROAT)

Contents Fig. 17 - Isolated intake high Reynolds
4.3.1 - General aspects number test mounting.

4.3.2 - Study of the internal flow

INCIDENCE AND ROLL ADJUSTMENT4.3 2.1 -Test setups
BLEED FLOW BLEED FLOW

4.3.2.2 - Engine face instrumentation ADJUSTMENT MEASUREMENT

4.3.2.3 - Flow rate measurement

4.3.3 - Drag, lift and moment measurements

4.3.1 - General aspects --

All techniques for testing air intakes in
supersonic flows resemble each other, regardless of ENGINE FLOW ENGINE FLOW ADJUSTMENT ENGINE FLOWwhether the aircraft is a civilian transport, a fighter OURVEY (SONIC THROAT) MEASUREMENT
plane or an airbreathing missile.

The fact that a supersonic in!et flow is entirely Fig. 18 - Integrated intake test set up.
determined by the domain of influence upstream of
the model means that the characteristics of the
internal flow can be studied using models of this
upstream portion alone. So the scale of the model
can be larger than that of a complete aircraft model,
and the Reynolds number can be correspondingly
increased.

As far as the outer flow is concerned, air
intakes are generally very much a part of the
complete aircraft design. Though their own drag and
lift characteristics do have to be considered - chiefly
for defining the upstream profile of the cowl starting
at the leading edge of the lip - studying their
general effect on the aircraft can be investigated
only by force measurement on full aircraft models
(z'ith representative captured flows).

Moreover, one of the advantages of
supersonic testing is that the ratio between the
stagnation pressure of the internal flow and the
external static pressure is such that it is easy to MASS FLOW METERS
capture the natural flow with the intake, and then
adjusting and measuring the flow rate by the
formation of a sonic throat at the outlet. Fig. 19- I/IS Concorde intake test

4.3.2 -Study of the Internal flow (ONERA - S2MA).

4.3.2.1 -Test $etups

Schlieren visualization is a valuable tool forFigures 17 and 18 illustrate a few classical test understanding the flow in front of the air intake,setups. Figure 19 is a photograph of the test setup and sometimes the internal flow as well, when a
used for the Concorde air intakes in ONERA's S2MA two-dimensional air intake is being studied (in which
wind tunnel. This setup isthe oneshown in figure 18. case the lateral walls can be fitted with transparent

windows).Figure 17 is a typical free-jet test on an air
intake alone, to maximize the model scale and Figure 18showsa test setup used for studyingthereby take advantage of a high Reynolds number, an air intake in the field of the forward part of the

aircraft.
These last tests are particularly useful for

making preliminary analyses of air intake operation The maximum scale is determined by the shock
as a function of Mach number, angle of incidence or wave rhombus emanating from the apex of the

Il l ' r', ' ' II I '
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model nose cone, and within which the air intake value is measured in the usual way) is associated with
must remain in order to avoid any disturbance of the each unsteady transducer, fur which the steady
inlet flow by reflections of waves off the wind tunnel component is suppressed.
walls.

Various methods have been proposed for
The internal flow ducts in the two diagrams estimating the unsteady distortion from a smaller

are first fitted with probes to measure the character- number of measurements. A very detailed discussion
istics of the flow at the engine face station, then with can be found in [19] and [20]. There is even a 'rule of
flow adjustment equipment (represented here by an thumb' correlating the unsteady distortion with the
adjustable sonic throat, but which could just as well mean internal stagnation pressure drop of the air
be a nonsonic variable pressure drop such as a intake starting at the diffuser, in which case no
butterfly valve), and lastly with a flow rate unsteady measurementismade[20].
measurement system, consisting here of a flowmeter
with sonicthroat. The way unsteady measurements are

processed is commented on in section 4.5.1.
But frequently, when this system with two

throats in series cannot be used because of the With aircraft that have engine inlet guide
dimensional constraints of the test setup or because vanes, it has been felt up to now that we have only
the internal pressure drops are limited forthe sake of to know what the stagnation pressure distortion is at
ensuring the desired flow, the flow adjustment and the engine inlet plane, in order to predict the effect
measurement functions are provided by the first the air intake has on the engine surge limits.
throat alone, without the downstream flowmeter, as
detailed in section 4.3.2.3. The particular case of the Tornado equipped

with the Rolls Royce RB 199 engine, which has no
4.3.2.2 - Engine face instrumentation such inlet guide vanes, has underscored the need to

take the rotational aspect of the inlet flow into
The instrumentation requirements for account.

defining the pressure recovery PR of the air intake
are not as strict here as they are for the air intake of a Sixteen directional five-hole probes were used
subsonic nacelle. Usually forty stagnation pressure forthis.
probes distributed over eight radial arms covering
equal area sections is enough to determine the mean Figure 21 shows three examples of engine face
stagnation pressure at the engine face station, by probe configurations adopted by British Aerospace
simple arithmetic mean. and MBB as part of a fighter intake design

programme.
The various steady distortion indices can also

be found from measurements taken with the o
recommended standard rake carrying forty 0

stagnation pressure probes [18]. % 0 56 SWIRL PROBE RAKE

For the sake of uniformity of measurement, an ooooooo 000000 56 tiehle tbes.
identical rake of 40 unsteady stagnation pressure o6 Five hole probes.
transducers is well suited to measuring the maximum 0 oa o 00 0 0.0 , 8 duct statics
instantaneous distortions. Figure 20 shows such a o o % 3 Enrevco duct statics.
rake with forty unsteady transducers from an ONERA 0 0 0.
model. These are differential pressure transducers.
The gage bridges of the sensors are compensated for
thermal drifts, so that the absolute value of the
difference from the reference pressure can bemeasured precisely and the pressure recovery, the
mean distortion and instantaneous distortion can all o DYNAMIC DISTORTION RAKE
be measured by the same instrumentation. o 32 total head tubes

TRA E S R e 1 9 1 32 Endevco dynamic tdx's

TRANSDUCER SUPPORT * B duct statics
THERMAL COMPENSATION ELECTRONIC 4 3 Endevco duct statics.

$ 00 000 ' - 0 PERFORMANCE RAKE

.. ' .000 . :-o 8 8 t o t a l h e a d t u b e s
o0o"000 000 o 8 Endevco dynamic tdx's

0 0 o 0 4o0 8 duct statics

00 o 0000 3 Endevco duct statics.

-'0 ..
0 000

Fig. 21 - Dynamic and steady distorsion rakes
(British Aerospace - Warton divn).

Fig. 20 - Engine face unsteady pressure rakes

(ONERA).

In fact, as recommended in [21], the
differences in relative incidence of the engine face

In other cases, where unsteady transducers fluid stream with respect to the rotating blades - i.e.
without special equipment cannot give a precise the differences that give rise to the distortion effict
measurement of the absolute value of differential -should normally be considered from a global point
pressures, a stagnation pressure probe (whose mean of view, by combining the flow deviation measure-
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ments with the local deviation measurements found (1 -Co)lRe ,,h) 1
by measuring the stagnation pressure fluctuations 0.M0

and converting to axial velocity fluctuations. .Such 0.10
elaborate combinations have not yet been adopted.

One indicator has been proposed in [22], that 0.08.
quantifies the rotational deviation alone. It is

efined analogously to the DC 60 : the circumferen-
tial component of the velocity, divided by the axial 0.06.
velocity and averaged through a 60* sector yielding
the mean maximum value, defines the DS 60
distortion index. 0.04-

4.3.2.3 - Flow rate measurement h/R

When test conditions allow a flowmeter to be 0 0.1 0.2 0.3

used as illustrated in figures 17 and 18, the flow rate
can be measured directly and precisely this way. The Fig. 23 - CO6- sonic throatstriction coefficient
determination uses the supposedly uniform static due to the boundary layer.
pressure, measured in the settling chamber of the
flowmeter with a tap in the wall surface, and also
depends on the calculated sonic section of the outlet We also find [26] a formula for a Viriel-effect
throat. The stagnation temperature in the flowmeter CDV coefficient, or real gas effect which comes into
is assumed to be equal to the stagnation piaywhen the pressuresare high:
temperature upstream, in a continuous wind tunnel.
If heat transfers have to bp considered, M.. due to 0.035
the flowmeter settling .',amber grids, which may be CDV +
at a different initial temperature from the upstream Tt(k: - 210
stagnation temperature in a blowdown wind tunnel, We can also use a sonic throat following the
then the stagnation temperature in the flowmeter standard forms of ASME nozzles, with zero curvature
should be measured by use of thermocouples. at the throat [28]. The effect of the nozzle curvature

is in this case neglected, and the boundary layer
The sonic throat is calculated using the effect is calculated by the coefficient

curvature of the throat profile and the boundary CD = 1 -0.184 RN-0-2
, in which RN is the Reynolds

layer evaluation at the throat, which go into making number calculated using the throat diameter and the
the coefficients CDK and CD6 applied to the local flow conditions at the throat.
geometric cross section of the throat.

Comparisons made between measurements by
These calculations are discussed in [11]. two types of sonic throat exhibit differences of a few

thousandths of measured mass flow and which are
Figure 22, which is constructed on the basis of essentially due to uncei Eainties in the boundary layer

references [231 and [24], gives the value of CDK as a calculation (throat relaminarization problems have
function of the radius h of the throat section, divided not yet been solved by calculation),
by the radius R of the profile. An h/R value of 0.25 is
sometimes chosen because the result is then a rather When the test Mach number is not high
short throat, but one that has a small enouqh enough (e.g. at transonic Mach number) for the
curvature for the calculation still to be exact. The flowmeter-troat to be choked, or when the pressure
corresponding CDK coefficient if 0.9987. loss accompanying a sharp reduction in the flow rate

:eads to an unchokingtuf the throat, the same setup
can still be used, wit the flowmeter throat then

CDK L, being considered like a venturi.

To measure the flow in this case, the static
pressure at the throat also has to be measured. The

0.999- flow rate can again be evaluated by a flow
calculation ; but it is preferable to use a calibration,0.998- =by placing the flowmeter being studied in series with

0.997- a reference flowmeter, in a separate installation.

When the very presence of the flowmeter is
unacceptable (because it is too large, or the interral

h/H pressure loss is too great to insure the mass flow, as
0 0.1 0.2 07 for example in a transonic test at high angle of

incidence), it is done away with. The -f;rst throat,
which is used to adjust the rate of flow, can thenFig. 22 - CDK - sonic throatstriction coefficient serve as the flowmeter sonic throat, as lor.g as it is

due to the throat curvature, choked. The static pressure measured in the internal
flow duct upstream of the throat is the second
parameter measured (the first being the throat
sectional area) to determine the flow rate, using theFigure 23 gives the value of CD8 calculated same hypothesis of a constant stagnation

according to the hypothesis of a turbulent boundary temperature from upstream, in adiabatic flow.
layer. This formula is established on the basis of a
boundary-layer similarity law at the throat in [25] Reference (29] gives diagrams of conic plugs
and by systematic calculalions according to 1261. The that can be adjusted by translational motion, along
results agree well with the calculation results with data for the aerodynamic throat areas of the
reported in [27]. corresponding passages and the expansion ratios

needed for choking.
For h/R = 0.25, the indicated COB Is 1 - 0.045

(ath/vt)- 1/6, in which at is the speed of sound and vt A standard RAE test cell using such a conic
the kinematic flow viscosity ft/pt, under the plug Ispresentedinfigure24.
stagnation conditions of the flow through the
flowmeter.

S. .. .. .. ... i
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Figure 25 shows the princi!ýle of a test in which

forei measurements on the funward part of the
aircraft are made. The difficult problem is the

- lit? stiffness of the joint between the 'live' and 'earthed'
parts, and how to evaluate the internal momentum
at the junction, which is calcujlated from the probe
measurements of the flow at the engine face. As the
flow rate is also measured e;:.-where, an adjustment
can be defined for the pube measurements, to
obtain the same flow rate by local integration, and

Fig. 24- Unit formeasuring mass flow issing this adjustment to refine the momentum
and pressure recovery (RAE) - f291. measurement.

The fact that there is no settling chamber WEIGHED PART

upstream of the throat, and that the aerodynamic
definition of the throat is not as certain in th IsBANC
configuration, makes the flow measurement less
precise; but again, this precision can be improved by
a calibration where the flow rate is measured
precisely, upstream or downstream. However, the
measurement is sensitive to the inlet distortion,
which cannot be simulated perfectly in a calibration EXTERNAL SEAL----

test. INTERNAL SEAL MASS.

If the throat between the exit nozzle and the INTERNAL FLOW SURVEY FLOW
plug is not choked, the pressure ratio accro!.s the exit AND MOMENTUM CONTROL
is used to calculate the mass flow, on the basis of MEASUREMENT
calibration data. This ratio is defined as the ratio of
the ambient external pressure to the flowmeter pipe
static pressure. In such an unchoked flow condition, Fig. 25- Internal flowsurvey
flow fluctuations have been observed in reference and force measurement model.
[30], which seem to be induced by a flow separation
at the exit nozzle. Suggestions were mace to avoid
these fluctuations by use of a sharp-edged exit.

When the downstream throat can no longer
be choked and the flow profile is not uniform, the
recourse is to measure the flow rate by integrating
the elementary flow rates calculated for the engine
face, using the stagnation pressures measured by the
rakes, and the static pressure found by measuring
the pressures at the wall surface. The precision then
depends on how finely the -neasurement section is
explored. The method can again be calibrated, to
refine the result. A precision of 1 % has been claimed
[31] when a detailed exploration is made using a
rotating rake and a flow matching hypothesis for the
wall boundary layers.

4.3.3 - Drag, lift and moment measurements

The external aerodynamic forces are measured
according to the same principle as the overall
method described in section 4.2.2.5, i.e. by overal Fig. 26- 114 scale Rafale intake model
force measurement of the model or ()-Tthe model in S2MA wind tunnel (ONERA).
element considered, and then subtracting the
resultant of the "internal" forces evaluated from the
freestream section of the captured tube flow back to The absolute precision of this measurement is
the outlet section of the same flow. These internal nonetheless uncertain when the flow is not uniform
forces are calculated from a momentum balance at the engine face ; but this can be accepted when
between the outlet, where the flow characteristics we limit ourselves to comparing similar configura-
are given by the measurements, and the freestream, tions, which is often the objective in such tests.
where the momentum is determined from the flow
rate (measured at the outlet). Figure 26 is a photograph of a test of the

Rafale air intake on a 1:4 scale model in ONERA's
Two types of tests are generally run.The first is S2MA wind tunnel, a test run according to the

a large-scale test of the air intake alone, or with the principle of figure 25.
forward part of the aircraft including the air intake
and the upstream part of the out.r fairing. The Another solution using the same principle
purpose of this is to study the local effect of the consists in limiting (he model to the cutoff plane
various elements used in adjusting the geometry of considered, which becomes a base plane. The whole
the air intake, of the various boundary layer bleeds assembly is then metric and avoids the problems of
and of the flow rate. These te-its require as the seals, but no longer benefits from a downstream
representative as possible a Reynolds number, and a flowmeter to refine the measurement of the
precise definition of the configuration. The second momentum and of the internal drag. It also requires
type of test is a small scale test of thl, whole aircraft, a precise measurement of the base drag.
in which the model is equipped wilth the air intake
operating at the nominal flow rate, to evaluate the A non metric adjustable plug can be placed at
overall characteristics of the aircraft and possibly the outlet of the captured flow duct to adjust the
verify the effect of a few geometric variations. flow rate, (Fig. 27). In this case, the momentum is
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evaluated a little upstream of the plug by measuring
the static and stagnation pressure in a part of the
duct where the flow is still cylindrical, and the
internal drag evaluated on the basis of this
momentum has only to be corrected for the drag of
the cylindrical element of the tube downstream from
the measured static pressures to the outlet section.
This isa small friction term, found by calculation. THROAT MA TER

Balance

-- meINTERNAL BALANCE

/ Rake of pitats
Fuselage Nacelle & statics at this plane

____'_ SONIC THROAT STING

Fuselage alone

Fig. 29 - Complete model drag measurement.
Fig. 27 -Intake and no.elle drag measurement

using a non metric plug (RAE) - [291.

The flow rate measurement is calibrated on a
separate setup, to refine the measurements.

The photograph in figure 28 shows a model in
the ARA transonic tunnel using this principle.

fo oc esrmn (OER -- MA

... ...

.. .. n

Fig. 30- 117 scale Rafale with internal flow
for force measurement (ONERA - SITMA).

Fig. 28 -Typical arrangement for in take spillage
drag measurement (Rolls-Royce/ARA).

A full model is measured in a similar way, with

the air intake flow rate represented. The cutoff TRANSONIC AND SUBSONIC TESTS
plane is simply the base of the aircraft. In these OF FGHTER PLANE AIR INTAKES
measurements, though, we are not generally
concerned with the effect of adjusting the flow, The special feature of these tests is that they
which is studied on a partial model. So the internal cover a broad range of angles of incidence and
tube of captured flow terminates at the base with a sideslip.
cylindrical nozzle forming a nonadjustable throat,
and allowing the maximum flow rate. A test can be Also, in subsonic tests, the aerodynamic field
made with a reduced flow rate, if necessary, using a ahead of the air intake is affected by the entire
nozzle of lesser sectional area. aircraft, so if we want to analyze the characteristics

of the internal flow precisely, it is no longer
The principle of the setup used for testing and sufficient to test models that represent only the air

for calibrating the flow rate of the outlet throat is intake and the forward part of the aircraft;
given in figure 29. This means we have to test complete models.

An error calculation, using Mo and the Mach number However, by comparing full-model tests with partial-
at nozzle exit area, is reported in [291 and [32). This model tests, we can still define Mach number and
calculation indicates that a sonic nozzle is less angle of incidence conditions for thi partial models
sensitive to an error in the evaluation of the outlet that will bring their test results rather close to those
conditions at Mach numbers Mo of the order of 1.5 of the full model, since the effect of -the rear parts of
to 2.5. At these Mach numbers, the condition of a the aircraft are comparable, in a first approximation,
sonic outlet is generally satisfactory in the above to a far field that globally affects th.e upstream flow
tests. conditions.

___,
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Then again, testing full models at high angles Section 4.5
of incidence in transonic flows places a severe limit
on the scale of the models, bece'use of the flow SPECIAL TEST DEVICES
choking problems, and justifies the recourse to large
wind tunnels. Contents

To give an example, a 1:7 scale model of the 4.5.1 - Unsteady flow distortion acquisition system
complete Rafale, with a wing span of 1.5 m, is tested
in high subsonic flows in the SIMA wind tunnel (a 4.5.1.1 -Complete measurement
porous test section with a 40 m

2 
sectional area,

Fig. 30). The same model, but without the wings and 4.5.1.2 - RMS analysis
with the canard surfaces truncated, can be tested in
the S2MA wind tunnel, in a porous transonic test 4.5.2 - Intake flow dynamic study
section with a cross sectional area of 3 m

2
.

4.5.3 - Complete internal flow probing

How these models are instrumented for
testing and characterizing the internal flow was 4.5.1 -Unsteady flow distortion acquisition system
spoken of in the section on supersonic tests. 4.5.1.1 -Complete measurement

At low velocity, the range of angle of

incidence for fighter plane tests may go beyond 900. The distortion indices come from the forty
Conventional test setups with their stingholder unsteady pressure transducers of the engine face
sectors adapt poorly to such angles, and a floor pivot rakes.
with integral supports is more generally used.

The h~ghest freqcuency to be considered is of
The diagram in figure 31 shows just one such the order of 1000 Hz at scale 1 ([71, [2]), and must be

test setup, allowing continuous adjustments at divided by the model scale.
angles of incidence from - 20* to + 200i, and sideslip
angles from - 20* to + 200 This is in the 4.50 m x 3.5 One way of obtaining a particular distortion
m test section of ONERA's F1 wind tunnel. This index isto build an analog computer which delivers a
tunnel is pressurized, and the flow is provided by signal proportional to the desired distortion index.
simply discharging the captured flow to the
atmosphere. The evacuation pipe is designed with a The advantage of this is that it provides the
pivoting elbow to adjust the sideslip, and a rotary result in real time, which is very useful for

joint centered on the turret to set the angle oe monitoring a test program on the basis of the actual
attack. results.

Figure 32 is a view of another test setup on the Such analog computers are widely used, but
wall pivot of the British Aerospace atmospheric wind they are unfortunately limited to the one distortion
tunnel (2.7 m x 2.1 m) at Warton. The air intakes art. index for which they were designed. Then, as a
connected by hoses to ejectors. complement, the transducer signals are usually

recorded on magnetic tape for off-line complete
analysis (to calculate the other distortion indices or
to generate a sequence of instantaneous total
pressure maps, etc.). It is not easy matter to"- synchronize the recording and readback of the forty
channels', though. Better performance can be
obtained with a PCM (Pulse-Code Modulation)

YAW ADJUSTMENT record.~~0 ; ' t 20o

The distortion indices can also be computed
__....._"___digitally using analog-digital conversion with a

. FIXEPART suitable computer (array processor). A typical
ROTATINGPýLAT . 7.analog-digital measurement system is shown in
ROTATING EAL - figure 33 (British Aerospace Warton Division).
ROTATING T MASSIFLOWSc MEASUREMEN

ANDEXHAUSI What is required first are the maximum values
ADJUSTMENT ( 20 < < 2W) of the various distortion indices, which are recorded

during a given length of time of the order of
Fig. 31- lowspeed testsetup forhigh angle 1 minute at scale 1 ([7], [8]), for various flight

of incidence and yaw (ONERA - Fl). conditions which initiate a high internal flow
distortion.

The recorded distortion can be analyzed
statistically to define those maximum values
according to a given probability [331.

A detailed analysis of the instantaneous flow
(pressure maps) may also be of interest ; but
considering the volume of data, a selection must be
made. This selection is based on the measured
distortion indices. A conditional "quick acquisition
system" has been developed at ONERA that limits
the selection on the basis of a particular distortion
index measured by an analog computer. This system
gives a first evaluation of the various distortion
indices in real time, and delivers a few selected
instantanecus pressures maps (Fig. 34). A PCM is also
provided for fuller off-line analysis.

Fig. 32 -Low speed high incidence test set up
(British Aerospace, Warton).
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Dynami Rok.

- 32Td.+32 Pilot-)

21.22 HSWT DAB) 
SSE

32 Anslogoe Amp TIME CODE READER ? LINE PINTER

32 Lo- Pass Filters
10 P.o. Bisa.ll. (MUX DISC: MUTIISIEX DISCRIMIMATOR.

20-2000 H
Analgue32 High P... Filters

An.logv L 4 Pole B@UI. Fig. 35- Block diagram of DYNADEC

(U.S. Air Force)- 119 - 34].

S42 Analogue R.rder The high response pressure transducer outputs
Oe__ -- are multiplexed and recorded on 14 track analog
7000 Ta Dek (122tape. The multiplexed pressure signals are fed into a

(122 flm HSWT vA2JBo( 96 channel discriminator system which demultiplexes
- HIgh Throughout the data signals. Each pressure is filtered to account

,*I1AD ZADC (320,000 HZ)
.... H~lDCa 32 Channel for model scale and engine sensitivity. The filters are

RASI AC coupled and therefore remove any steady state
AI Floai Point Processing and component or DC bias that might be present on the

siok 40114D, tape. The fluctuating pres.ures are sent to the
oit analog board where they are gain-compensated to

Int account for the individual pressure transducers
Tap. Sig.. Output response characteristics. Each fluctuating pressure is

then combined with its steady state value to formthe total pressure signal. These pressures and other
parameters are used in the continuous solution of
the engine distortion parameter equations on the

IBM MlAinfhiat analog computer. The screening parameter is fed
into a peak detector network. Peak values of

Fig. 33 - Dynamic distorsion instrumentation distortion above a preset threshold level generate a
package (B.Ae). logic signal to hold the peak value of the screening

parameter and the accompanying level of all other
distortion parameters being computed. These
parameter values and the time at which the peak
occurs are transferred and stored in the digital
computer. In addition, the compressor face total
p ressures for the maximum peak distortion level are
held and stored for developing the pressure contour
map at the conrlusion of the screening of the data
record.

ANALOG SYSTEM P.C.M. 4.5.1.2-RMSanalysisSCOMPUTER 16 IkHz -84CHANNELSl RECORDINGIKcO 255 PRESSURE MAPS 1 ROit If no analog computers or high speed

EVERY . S LMAX.) ECCHANNELS acquisition systems are available, a first estimate of
the various distortion indices can be made, based on
the only measurement of the RMS values of each
individual total pressure probe of the rake

Such a simple process is defined in [351, based
on an analytical study assuming a random
distribution of discrete vortices.X@ REFER.ENCE I IOFF-LIN

THRESHOLD {COMPILE A still simpler method is proposed in [36], by

(SEFUPADI .ANALYSI assuming a time random fluctuation of the
individual total pressure probes.

CONVENTION4AL H 1000+ The same method, named "statistical model"
MEASUREMENTSYSTEM CENTRALCOMPUTER has been applied, and some improvements have

(STEADY) VAX7 7 b..en developed [19] - [37 - 38 - 39], the details of
which are presented hereafter, issued from [19].

REAL T"I 'ESULTS The basis for the statistical model
development is that a synthesized fluctuating

Ke, KBMAJ(, PRESSURE MAP AMD DISTORTION INDEX ON component can be constructed and added to the
SELECTED CARDS steady state pressure to form the dynamic total

pressure. The fluctuating pressure is assumed to be
stationary and random with a normal distribution.

Fig. 34. Unsteady distorsion measurement, with
conditional real time acquisition (ONERA) The synthesized fluctuating pressure can be

determined for each probe using a random number
generator with a zero mean and the standard
2eviation derived from the measured turbulence

A similar system is used at AEDC named levels.
DYNADEC (Dynamic Data Editing and Computing).
(Figure 35) [19]- [34]:
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The dynamic total pressures are input to the DYNADEC ---
distortion parameter equations and the level is PREDICTED -
determined. The pressure distortion map is also
generated. Forty new random numbers are then
generated, providing a new set of dynamic total
pressures that represents data from another
equivalent time slice. The new distortion level is - .
computed and compared to the current maximum
value.

The calculated pressure levels from the higher 2 /T0
distortion map are retained and the sequence is
repeated until the appropriate sample size is
reached. 82

When this point has been reached, the set of
pressures which produced the maximum distortion T .027
level will have been retained, similarly to the DYNADEC PREDICTED
DYNADEC procedurc OPRSF .048 .049

The improved statistical model is schematically IDMAx 127 .127 1

represented in figure 36. The rms turbulence and IDRMX .033 .030

random numbers are combined, as in the basic
method. However, these synthesized pressures are
now input into the two digital filters added to the 1basic model. The first filter provides a slight 10

amplitude rolloff with frequency over the entire
power spectrum (as inlets tend to do) and the second
filter accounts for engine sensitivity. The second
filter's output is the filtered, synthesized fluctuating %RMD1FF
pressure component that is added to the steady state
pressure to form the dynamic total pressure. The
dynamic total pressures are input to the distortion
parameter equation where the distortion level is I - 0
determined. Forty new random numbers are
generated, providing 40 filticred dynamic pressures % DIFFERENCE IN PROBE RECOVERY
for another equivalent time slice. The distortion level
is then computed and compared to the current Fig. 37-Pressure contour map and histogram,
maximum value. The larger value is retained, as well moderate turbulence, 40 turbulence
as the pressures for the distortion map. The sequence measurements [191.
is repeated until a desired sample size is reached
which is based on cutoff filter frequency. The entire
solution is then restarted with another set of random Excellent agreement has been achieved
numbers. The average maximum distortion map is between the predicted and measured contour map
achieved by repeating the entire solution process and total distortion levels, including the circum-
several times with different sets of random numbers ferential and radial components. The distribution of
to generate severa maximum distortion maps. probe recovery difference (the histogram) shows
Individual probFepressures from the several that 29 probe pressures are within ± 2 % of their
maximum distortion maps are summed and measured values, while the range has decreased
averaged. In this way, the resulting 40 averaged from 17 % for the basic model to 10 % for the
pressures represent the data for the most probable improved model. The rms difference for the 40
or average maximum preisure distortion map. probes is 1.87 %, a 44 % improvement over results

from the basic model.

"As mentioned in section 4.2.3.3, a discussion of
various processes is included in references [191 and

/< [201.
. .'...... 4.5.2 - Intake flow d ynam ic study

"To design a control system for a variable-
geometry air intake, the dynamic characteristic of
the internal flow has to be studied. it is also

. . ..... important to identify the level of the wall pressurerise, in transient flow, for the design of the intake
[ :, __structure.

To perform such a study, high speed rotating
vanes can be installed at the compressor face station
to produce a periodic variation of the reduced mass
flow. The intake is equipped with unsteady
transducers which measure the amplitude ind the
phase lag of the pressure waves.

Fig. 36 - Improved statistical mudel 119 - 38 -39].

A sketch of such a device is reproduced in
figure 38 [11]. There, to simulate the surge of the
"engine, a negative mass flow was periodically

An example of the statistical method injected by compressed air supplied through the
capability is presented in figure 3n. vane, as shown in the sketch. A good simulation of

the engine surge phenomenon and its effect on theBoth the experimental and synthesized adjacent air intake was obtained, as indicated by the
fluctuating pressure data are based on filtering the ulse traces shown in the figure, compared with the
raw data at a frequency of 500 Hz. flight result.
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various types of probes (pitot, five-hole directional
probe, hot-wire, etc.). By combining the three
movements of the support, the probe can explore
the all entire volume of the intake duct.

PROBE

a) ROTATIVE VALVF WITH AIR INJECTION

LEFT ENGINE FACE

RIGHT SPLITTER WALL EXHAUST PI

S. A & RIGHT FORWARD RAMP

I/\• V RIGHT ENGINE FACE

- -FLANGE MASS FLOW CONTROL
MODEL AIRCRAFT

b) PRESSURE TRACES Fig. 40 - Internal probing device.

Fig. 38 - Engine surge simulation device > >.E..Carter-10. ":" t "\

The sudden stall of an engine and the
resulting "hammer shock" in the intake duct has also
been simulated the same way, but a pyrotechnical
device was used to close the vane fast enough.

A similar device is presented in figure 39 [401.
A rotating hollow cylinder having spanwise slots 1800
apart rotates around a hollow shaft with a forward
facing slot. The shaft is fed with high pressure air.

WAWJ II

VALVE Fig. 41 - Probing device on checking bench (ONERA).

o f The displacement of the probe is programmed
M 10 on a computer before the test, and is controlledAMO =oautomatically. It can explore successive cross sections,

VALVE ,for each of them, along lines homothetizal to the
A I contour of the section - or it can follow a streamline

t P"J through the duct, for instance, when studying the
decay of the turbulence components.

-&PIVAGA 
Section 4.6

\ Y.Eft WM

L CXN = MMEASUREMENTS IN THREE EUROPEAN WIND
TUNNELS AT SUBSONIC AND SUPERSONIC SPEEDS

OF DYNAMIC DISTORTION AND STEADY STATE
WA! e PERFORMANCE OFAN AXISYMMETRIC PITOT INTAKE

Contents
Fig. 39 -System display of MBB 4.6.1 - Introduction

surge wave generator 1401.

4.6.2 - Model geometries

On that device, the suppression of the rc tating 4.6.3 - Instrumentation
butterfly vanes avoid intake flow degradation
during valve acceleration. 4.6.4 - Test programmes and test conditions

To allow a single pressure wave to be 4.6.5 - Data reduction and presentation
simulated, a bursting diaphragm is installed in the
supply pipe, and the valve is locked in the open slot 4.6.6 - Comparison of results
position.

4.5.3 - Complete internal flow Probing 4.6.6.1 - At subsonic speeds

A detailed analysis of the whole internal flow 4.6.6.2 - At supersonic speeds
may be of use in checking the validity of the CFD 4.6.7 - Results unique to ONERA and DLR tests
flow prediction, or to guide an experimental
approach to flow improvement. 4.6.8 - Repeatability study at RAE

FNgures 40 and 41 show an internal probing
system developed at ONERA. The device can support
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4.6.1 - Introduction 
4.6.2 - Model geometries

Models to a common design have been The commnon model geometry was that of RAE
manufactured in Britain, France and Germany to Model 742L, Cowl 2. External and internal static
sl'ghtly different scalesaand tested in the 8' x 8' (2.44 pressures and steady state performance on this
m x 2.44 m) tunnel at the RAE (Bedford), the S2MA model was measured in 1983 and 1984 at the RAE
(1.75 m x 1.75 m) tunnel at ONERA (Modane) and and the ARA over the Mach number range 0.2 to 2
the 1 m x 1 m tunnel at DLR (G6ttingen). The and incidence range 0 to 40. This used an earlier
common design (RAE Model 742L Cowl 2) is a simple version of the engine face instrumentation and was
subsonic-type pitot intake with a circular cross reported in refs. [411-[42]. The earlier version of the
section and a blunt lip. The slightly different scales engine face rakes had no dynamic pitot probes, had
are necessary so as to fit to existing engine face a bullet in the centre of the rake and was positioned
instrumentation available (as suppliedby MBB in the upstream of present engine face rakes (Fig. 42).
case of DLR) to the three tunnels. This resulted in Details of the common lip, external cowl and diffuser
engine face diameters of 88.9 mm (RAE) 94.18 mm shapes are shown in Fig. 42.
(ONERA) and 107.36 mm (DLR). Although each
contributor had a basic common engine face rake of ' [4-- A

40 unsteady total pressure probes, each wind tunnel
used its own nationally available instrumentation,
data recording and data reduction systems. Further
details of the model geometry, engine face 7____
instrumentation and data recording and reduction
systems are given in 4.6.2 and 4.6.3.

The measurements include steady state values
of the usual intake parameters such as pressure Se\ r -

recovery, engine face flow distortion and intake Se A,
mass flow as well as dynamic distortion of the flow at
the engine face. The main aim of the tests has been _ _
to establish the dispersion of the steady and
unsteady results at common test conditions.

The tests have concentrated on a common (a) ONERA

condition of incidence variation (O°to 25°) at
Mo = 0.8 in all three wind tunels. However other test
conditions, principally change of free stream Mach ..-.-

number both at subsonic and supersonic speeds (up so
to Mo = 1.8) and change of Reynolds number have -i '-

been made in two of the three wind tunnels.

Unfortunately due to lack of time within the
WG13 reporting schedule it has not been possible to .:.
analyse completely the results from all the tests
made. There also has been no time to identify the
possible reasons for the source of the dispersion of 394

the processed results that have been presented. This .,
will Ne done and presented in a paper to the AGARD
FDP Symposium on Aerodynamic Engine/Airframe
Integration to be given at Forth Worth USA 7th - - 16 1 -• 107.36m.

10th October 1991. _71 Ill... .

95.47(3.7586") 173(6811") I 0 13' 5151_• l -, 5
t

""6

N'-\ ~ (b) DLR 0

'18265S11,1:28-) 92(ý3,622-

Original Dynamic
measuring distortion

section measuring

section 1

S: 1 Ellipse Dr- 
3  

-- 4 ! -Di+ .

NArA.I pirofile(It4S.100I1

15 95 LFI 266.70 (10.5' )

ip COtraCtion rati (1.177) Diffuser avIr ratio 1.4

(1.175)'
"aat manufactured (RAE)

Fig. 42 - WG 13 inlet definition "RAE scale). Fig. 43 (4) & (b) - ONERA and DLR models.

__.. .. __
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Fig. 43 (a) (b) & (c) shows longitudinal cross measurements were made using 80 normal pitot
sections and photos of the three national models tubes placed in 16 arms, 8 adjacent to the Kulite
together with detai!s of the engine face pitot probes. tubes and 8 interdigitated between them. The 80
The small variation in absolute size of the mode~s, pitot tubes were connected to individual PSI
the variations in rake geometry and duct geometry transducers arranged in groups of 32.
downstream of the measurement plane are evident.
Fig. 44 (a) (b) & (c) show the outline of the models in RAF and ONERA used 2.36 mm diameter ±
relation to the supporting sting, tunnel quadrant 5 psi differential transducers together with a backing
and tunnel walls. pressure near to the average total pressure in the

duct.240

The choice of only 40 probes at the engine
face results in less blockage than if the probe
quantity is doubled to acc.)mmodate simultaneous

3(r steady state measurements. Preliminary experiments
at the RAE also indicated i superior accuracy for

SK steady state values that are obtained by time
averaging the DC coupled individual Kulite

030 recordings over the use of adjacent pitot probes
linked to one or two transducers via a Scanivalve

8 system. Table I gives results from a preliminary
Venturi static holes investigation made on a different intake model for

781.32asmanvfactured 8 two conditions where considerable dynamic activity

5tube kuliterakes was present.

(a) ONERA

// \6\

3944

107.92

Fig ,3 (c)- REmdel

46 -In.....to

The form of the engine face Instrumentation/
used by ONERA (Fig. 43 (a)) and RAE (Fig. 43 (c)) was RA_________
simlar. only total ressure probes (used for both
steady and unsteady measurements) were 40 Kulite
transducers arranged 5 per am in an , arm rake. DIR
(Fig. 43 (b)) used a similar Kulite rake for the Fig.-(a), (b) (c)- Models installed in ENERA
unsteady pressure measurements but steady state OLA & RAE wind tunntli
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Table I- Repeatability of DC9O measurements. The Kulites are protected by ONERA screens, and a 7DC90 values mm extension ahead.The duct diameter increasedslightly downstream of the rakes to account for the

b!ockage effect of the bullet.Tiol Kulises K 8 Pl t Klitet

M =0.80 Pit M ;.8 Pitot A butterfly valve is installed downstream of
a = 40' tubes and - _ a = -5I tubesand the engine face, to vary the mass flow. It is followed
Repeat sans Time Repeat scanis. Time by two grids, to smooth the flow and reduce

0 average average distortion. The flow is exhausted :3ack to the free
07 0e.2 stream via a conv-div. nozzle which is used to

1 0.384 ; 0.240 0 measure the mess flow. When the nozzle is choked,
2 0.366 0.387 2 0.255 0.259 mass flow measurement is based on theoretical
3 0.368 0.393 1 3 0.201 0.263 discharge coefficient for the sonic throat. When it is
4 0.396 0.393 4 0.239 0.262 not, (at low Mach number or low mass flow), Venturi
5 n.367 0.389 S 0.226 0..260 formulae are used, wck, f corre ntions derived from6_ 0.269 1 0.260 measurements in the choked flow conditions.

The filter cut-off frequency was set to 1.6 kHz
Details of the pressure insirume.ltation and the daw. and the sampling rate was five times the cut-off
recording and .,,ignal conditioning systems follow frequency i.e. 8 K samples/sec. The record length was
under the headings of the difterent national centres. 3.84 secs.

(a) RAE For a few ooints the cut-off frequency was
doubled 3.2 kHz and then the sampling rate becomes

There was no bullet in the centre of the duct, the 8 16 K samples/sec.
rakes were ins-rted and supported from the duct
wall Fig. 43 (c). The duct downstream of the rakes The record is obtained in real time by
was unobstructed undl the exit where the area was successive a:quisitions (every 0.5 s) of batches of
varied by means of a sliding cone throttle. The duct 256 pressure maps at the maximum frequency of 16
wall diameter decreased slightly downstream of the kHz, 12 bits words.
rakes and wa!l static pressures in this reduced section
were used in conjunctior with the rake total (c) OLR
pressures (arid a duct calibration) to obtain values for
mass fl-w ratio Ao/Ac &t subsonic speeds. At There was no bullet in the duct but a thin
supersonic speeds ihe choked exit area (modified by walled ring of a diameter slightly less than that of
an experimentally determined discharge coefficient) the innermost probe joints all 16 arms of the rake as
was used together with the rake total pressures, to shown in Fig. 43 (b). The Kulite tubes were 1.6 mm in
obtain mass flow, diameter arranged in 8 arms and are in the sarre

angular position as those in the RAE and ONERA
The Kulites were fitted witt, Boeing screens models but the 80 steady state pitots were

and a 3 mm extension ensured that true total positioned adjacent to and midway between the
pressure was meartired. The dylamic data signals Kulite rake arms. The duct diameter increased just
were digitised and stored in real time on 67 MLyte downstream of the probe entries to more than
exchangeable discs. The maximum digitisation rate compensate for the blockage of t. 16 arm rake. The
of the system was 300 K, 10 bit words per second. duct remained unobstructed donwstream of the rake
Sample and hold amplifiers were used to ensure that until the exit where the duct exit area was varied
a!l pressures were measured at the same instant in using the common conical plug geometry.
time. Signal conditioning was achieved using 48 high
stability variable gain DC amp;ifiers (which can be AC The maximumo digitisation rate was 200 K 12
coupled if required) together with 48 low pass bit words per second. The signal conditioning used
Rutterworth filters (48 dB per octave roll-off). The DC/AC Bessel filters (48 dB per octave roll off) and
cot off frequency was variable from 10 Hz to 2.5 kHz the cut-off frequency could be varied from 0.1 Hz to
and was set to 1.7 kHz, which is equivalent to 200 Hz 1.42 kHz. The cut-off frequency was set to 1.42 kHz
full scale for a model scale of 1/85. The sampling rate for al! characteristics except one, when it was
was thr.e times the cut off frequency i.e. 5.1 k doubled The sampling rate was 80 K and 20 K (80 K
samples/sec on the evidence of Fig. 45 [43) The for data storage, and 20 for oie-line presentation)
record length was 4.016 secs. samples/sec and the record length 4 secs and 30 secs.

The MBB data gathering and signal
c6DI conditioning equipment was operated by MBB

0.8 personnel for the test under the direction of DLR.

1 •MBB provided both model instrumentation
0 .6 - (i e. dynamic and steady state rakes and the mass

flow throttling p!ug system) as well as data
gathering and signal condition equipment.

DLP. supplied the pitot intake, model support,
the PSI modules and the wind tunnel and defined the
tes': ,onditions.

Sampling frequency•0.21 Fiter frequeny 4.6.4 - Test programmes and test conditions

"0 1 0s 1 The tests were conducted in th,, RAE (Bedford)
8' x 8' subsonic and supersonic speed tunnel
(Fig. 44 (c)) in Odober 1988, in the DLR (Gdttingen)

Fig. 45- Effect of sampling frequency. 1 m x 1 m transonic and supersonic speed tunnel in
Decemitber 1989 (Fig. 44 (b)) and in the ONERA
(Modane) (1.75 m x 1.75 m) tunnel in July 1990

(b) ONERA (Fig. 44(a)). The use of existing engine face
instrumentation resulted in the smallest model being

There was a bullet in the duct but this was tested in the largest tunnel (RAE) and the largest in
positioned downstream ofthe Kulite rakes (Fig. 43 (a)). the smallest tunnel (DLR).
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The test programmes were as follows: 4.6.5 - Data reduction and presentation

(a) RAE The usual format of steady state intake
characterisvc data is presented i.e. pressure recovery

Pt___•/Pt, and i.C versus relative mass flow Ao/Ac.
Unsteady DC60 can be presented as maximum values

Re(based Re recorded DC60o1x, or using the Jacocks statistical
Mo . on capture M.me'thod (ref. 331 as the maximum values, 2 min DC60

diameter dc tha t would be predicted after 2 minutes of operation
= 81.5mm) at 

4
ull scale.

0.8 0 1.25 x 106 1.8 0 1.25 x 106 DC 60 has already been defined in Chapter 2,
10 5 Section 2.
15" 10'

20 15 D j0LX iscdefined as:
25 20

*10 repeatability check *13 repeatability check P P '2 WO
at this condition at this condition

q

The model had a transition strip 2 mm wide where now Pt is the instantaneous value of the
located on the duct inside surface 12 mm from the minimum total pressure of any sector of 60' at the
highlight position. engine face.

(b) ONERA
Pt2 is the mean steady state total pressure

Angle of incidence effect 40 1 so
Y p..,3 (RAE ar.d ONERA) -. X (DIR)

ft 140 80Re
M. a* (based on

capture at the engine face, and using the Rolls Royce recom-

dc = 86.3 mm) mendation, q is the mean incompressible steady

10
15' The Jacocks method ýs summarised asfolows:
20
25 1. Peak DC60 values are calculated for each of the N

blocks of data available in the 3-4 secs of
*Cut-ofi frequenci varied from 1.6 kHz to 3.2 kHz. recording time. N is normally in the range 15-25.

2. Peak DC6 0 are arranged in ascending order of
Machnumbereffect Reynolds number effect value and assigned a.- index i'm where m = 1,

2.....N.
M° e° ft. MO Re 3. The reduced variable y = - In In [(N + 1)1m] is

0.75 15 1.25 X 106 0.80 1 1.9 X 106 calculated.0.80 I20 .910
0.85 4. Peak DC6 0 values are plotted versus y and a least

0.90 squares fit straight linz; through the points is

0.95 calculated.

5. Extrapolation of this straight line allows
(c) DLR estimation for a longer time period (e.g. 14 secs

RAE model scale, 14.83 sees ONERA model scale,
equivalent to 2 minutes full scale).

Angle of incidence effect As 2 min DC6 0 values are not available at the
present time for the DLR results, results for the three

It, tunnels are compared on a DC601x basis.
Mo e' (based on

dl = 97.9 mm) 4.6.6 -Comparison of measurements

0.8 0 1.027 x 106 4.6.6.1 -At subsonic speeds

10
Is (a) Effect of incidence variation

20
Pressure recovery-mass flow characteristics at

Mo 0.8 at all incidences (Fig. 46 (a)) except 20' show
Mach number effect Reynolds number effect close agreement. If the value of maximn.m mass flow

ratio is judged on points on the supercritical leg of
the characteristic that are close to the critical point,

MO a* q Mo " then there is a tendency for the ONERA values to be
5 0 slightly in excess of the RAE and DLR values at a= a0°

0.75 09-20 1.02 x 106 0.8 5 and 10*.Ato - 0', the theoretical choking mass flow
0.9 0.8 iratio is 0.882 which indicates a throat discharge
1.8 15 1.723 xt 106 coefficient Cd of 0.992 for the ONERA results 0.987for DLR and 0.978 for RAE. At a = 20', DLR and

ONERA values are in close agreement for pressure
A transition strip was located on the duct inside recovery over the full mass flow range whereas RAE
surface 10 mm downstream of the highlight, values are 1-2 OA higher over the flow range 0.6 -0.8.
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At a a 25'. results are only available from RAE and 04 T--
ONERA and pressu-e recovery values differ by about ACa -
1 % again over the .atss flow ratio range 0."-.8 but VCax *
there is no consistent one way trend. 0.2--4

A_ _ IV_ _ _ _

I .O o w; Is
1 0.12

P 1 0

02 0 0. 0 .8 1.02 04 0 8

2t 0* =08 0- 25 '

0. 0 .2 1 ~~; 0 . ~ M = 0

Ao/Ac 00]~ ~
0.3 0.2_ 0- 0.6-~ 0.0 1 02 0.4 I 0

0ig 464 (a) 0 -Icdnewraincoprsno Cixf om AEOEA& L

at MOER 06, -a =__ 0___ I _Iii 12 001
0. 0.~ 0mnCa 0

-- .....---.-"-. -0.2--

0. -- - OA0- i? . 'A 0 --.vA

DCoO{ V_ --. - .

0.206- -i-
0. - -. ...-..

0.1 0. 0.6 0.0..2 04 0.6.

Fig 46 (b - Iniec vaitin 
oprsnFg 6d nidnevrain c m aio

A AM =. 0.,al0o5 o=.,a=0 5
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*r~temnai cowl lower 4op surface Mach number Wb Efetg ~j!jffi~v~ Mach number
ploti at M0 a 0.8. a = 20* from ref. 141] show the t-.- 1

suction th occurs on changing
flow ratio from 0-559 to 0.60S (Fig. 47 (a)) indicating Comparisons at M = 0.75 and 0.9 are limited
the advent of lip separatic-a. The steady increase in to DLIR and CNE IA results. Values of pressure
0.•ration bubble Mach numbeir as AO/Ac varies hom recovery at Mo . 0.75 near to full flow are rwot in
05to 0.796 (Fig. 47 (b)) then gives rise to rapidly such dose *greement at MO a 0.8 with ONERA
increasing mixing losses and results in the observed values being 1/2 - 1% higher than those from DIR.
deterioration in engine face pressure recove . At DC60 values show the 3.ame (but opposite) trend
a 25, the flow is s.parated frmm the lower ip of throughout the flow range. At M, . 0.9. one •alue
the cowl over the comniete runge of measured mass of the DIR pressure rec(veny-mass flow character-
flow. istic (at A/Ac = 10.57) is much lower than the

corresponding ON:RA value. This is not accompanied
"byacorrespodinglylargeincreasein DC 6 at this

jF • -- • ! ! i --[ condition which iay indicate that the pressure
recovery value is in error. Again, as at Mo = 0.8,

057..... 9J - - - OC601X values between the two tunnels are
i0.0 Iremarkably consistent.

M~0.75.oS M.05
0. v- " - / t--f,•

0.2 4 0 08 1.i14IS /N0 / I.2510

, Ž Ž i i ; I ' I -- ___00.8

0.95

0 0- , . 0.4 , 0--i 'S ' 1. 14 L' A ONERIA I.2S x 106I !

0-3 0.3!

06 .,' ..3

-1. ..-------- ---.---. i-....

04:- 0652- 0.2

___-_-- _--•' -• r--." ----i -r----'-i-

0 .-.. l..W V D .7T.... 1 . !
0 0 ... . .

0 02 0.4 0.6 0.8 1 1.2 1.4 1.6 V08___L A_ .... _i .. - -l
Fig. 47(a) & (b) - Internal lower lip Mach no. 0.8 ....

distributions for RAE model 742L cowl 2 at Me = 0.8, oeGX

a 20" (from ref. [4,). 0.6. . . .... .

Up to a =1 5*, values f'r DC6oIx from all three 0.4{ .

tunnels (Fig. 46 (c)) are in reasonably close
agreement over the full flow range. DCqO values (Fig. 0.2
46 (b)) however show more variation between the I A
three sets of tests. In particular at a = 0* AWA, I

theoretically, DC6o should be zero as any distortion 0 -,-.
of the engine face flow in an axisymmetric intake 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1

and duct should be purely radial. All three results
approximate to this at flow ratios above 0.6 but RAE Fig. 48 - Variation of subsonicspeed: comparison
and DLR values tend to increase quite rapidly of pressure recovery, DC60, &DC6oIx,
(though remaining small) below Ao/Ac = 0.6. DLR from ONERA & DLR atu = 15, M = 0.75 & 0.90.
values show the same tendency at a = 5-15 but start
increasing rapidly below Ao/Ac = 0.6-0.7 whereas
ONERA and RAE values remain below 0.05 over the
full measured flow range. At a = 20°, DC60 climbs
rapidly above Ao/Ac = 0.6 remarkably consistently (c) Rey nolds number variation (a = 15°, MO = 0.8)
from all three tunnels. At a = 250 values from (ig.4)
Ao/Ac = 0.7 upwards from RAE are considerably
h•igher than ONERA values. Variation between Re = 1.25 x 106 and

1.91 x 106 for all three (pressure recovery, DC6 0 and

DC601X ) ONERA results are negligible, as might be
DC601X values become slightly more scattered expected for this small Reynolds number change.

between the three tunnel values at u = 20'. At a = DLR results are similar for the two higher Reyocds
250 ONERA values are considerably lower than RAE number. However, the values at the ow Reynolds
values but both sets are, numerically, very high (note number of 0.39 x 106 illustrate the large adverse
the false origin of the graph at a = 250). The 2 min effects of going below the well-known "rule of
DC60 values available from RAE and ONERA only thumb" of intake testing that the Reynolds number
(Fig. 46 (d)) show similar differences to the DC60Ix based on intake diameter should if plssible exceed
values. 1 x 106.
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I k- 'o 1 '
-.ERA I 

_--- U......

i' °I f,08 - ,." ° .s- °'

4- 0

SFm ! j {j s ) I -.-... ! ,---I- -- '-

0.0 0.7-L ' - -- )2 -

I!• ! ) ---IAo---- ) Ai

T t 3 0 1 ' S .16

02 27 j ý ~ 10 06

0O= 2AEDC.) 1 08 L o0., Lo P"11 I

40 ( I I -I ° 0.2 0.4 0.6 0.8 204 .6 081

L i 'Fig. 50 a)- Incidence variation: comparison
A./A ]of oressure recovery from RAE & DLR. .. 0 at Mo =1.8, a =0*- 20*.

0.2 0.4 0.6 0.1 1 0.2 0.4 06 0.8 1

Fig. 49 - Variation of Reynolds no. :comparison 0.6 --

of pressure recovery, DC6 , & DC60IX I 1.8

from ONERA aDLR atcL = 15*,Mo = 0.4. 0.4
4.6.6.2 - Atsupersonicspeeds 02o . °'-l0Oi -- -

(a) Effect of incidence variation (Fig. 50(a) - (d)) 0 c

At MO = 1.8, results are only available from [
DLR and RAE. In general pressure recovery - mass 0.8..................... I
flow characteristics are very similar at a = 00 ard 5o. DC o
Pressure recovery at low mass flow at a , 00 is very -J.6 6. . --
close to the normal shock value of 0.813 at NO = 1.8; 0
maximum theoretical choking flow at t'nis condition
is 0.994 which compares with the measured value of 4.....
0.977 for both sets of results if DLR values in excess ofunity at very supercritical conditions are ignored. 0.2 . . --
This gives a throat discharge coefficient of 0.983. At
a = 10o - 200, theru is a tendency for DLR values of
pressure recovery to be slightly higher than RAE 0.-
values at flow ratios above 0.8 and for maximum
flow ratios also to be slightly higher. This latter 0.8 . - ! ..... ..difference may be exaggerated by a lack of truly RAE]supercritical values for the RAE results at these I DLRincidences. 0.6

DC60 values from DLR show the same tendency 0.4 20•__ -- * -- -.--
as at Mo - 0.8 of being slightly higher than RAE
-alues at mass flow values below the critical point.
1here is a good agreement between DLR and RAE 0.2
vwlues for DC6oIX at a = 0-150. The high peak values
at 0* and 15° are probably the results of coincidence (b) A, A.A,
of lip separation and shock-boundary layer 0.2 0.4 0.6 0.8 I 0.2 0.4 06 0.0 1
interaction in the region of the lip. The DLR results
sho, i that when the internal supersonic flow pattern
has Lecome properly established and the terminal Fig. 50(b)- Incidence variation :comparison ofDC6o
shock has moved downstream of the lip DC6 01X from RAE&DLRatM o = 1.8, a = 0*-20.
values .in drop considerably.
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1.-2 i it s 4.6.7 - Resultsunigue to ONERA and DLR t"

- For completeness, results from tests that were
- performed in one tunnel only are shown in Figs. 51-DC~~olx s* 54. Results from ONERAat aa 1S, M -z O85and

0-. - 0.95 in addition to those already discussed atMe = 0.75, 0.8 and 0.9 are shown altogether in
0.6 -_ Fig. 51. Similarly results from DLR tests at a = 5" at

0.6 'MO = 0.7F. 0.8 and 0.9 are shown in Fig. 52.

0 The effect of Reynolds number variation ato.4 ! JM e = 0.8, a; = 20* is shown in Fig. 53.

0.2 V 
5- Finally, the effect of change of cut-off

0.o ,0 An/ shown to be small (Fig. 54)

0 !A I/A,

0-2 0-4 0.6 0.8 1 ) 0.2 0.4 0.6 0.8 i

1.4- 'Pt

Pt.

12- 0.96 .DC6lx ..

0 RAE 0.92

0.8 -- M,--

o = 10 . 0.885 0.75 •

0.6 -i-----50.80
0.90 .. •.

0. 0.84 9 ' ~- --

(a)

0.2 0nA.00 A,90, S0 .0 0.s 0.6 0.7 08 0.9 MFR

( - OC6 A/ Press-ire recovery V mass flow ratio

0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1 0- I

Fig. 50 (c) - Incidence variation comparison of
DC6o/x from RAE &DLR at Mo = 1.8,a = 0*- 15".

(b)1.8 -- IV,-1

Mc 1.8 V0 V 0.4 045 0.6 0.7 0.8 0.9 MFR
1. 6- DC•0 V mass flow ratio

DC6oro 0 0 0

1 .4 . - .

V 2 rain

--a- 075

0:.80 .-e I-0O.85 .. e.
0O.90 o.- I

o 0- .5- 0.96 -,,n _

0.8 -.-.. - -.. . - - "

V D0

S~0 , ...

0.4 -0 8 0.9 MF

2 mnin DC&0 V mass flow ratio

0o

0 0
0.2 . -- Fig. 51-Mach number effect-a = 151 Re 1.25.

0.2 G4 0.6 0.8 1

Fig. 50 (d) - Incidence variation: comparion of
DC6oIx from RAE & DLR atM = I1.8,a = 200.
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DLR a 5

•, ~t 4 Fig. 52- Effect of change of subsonic Mach no.
Mo 0 from DLR at a w V°.

0 0.90
0.9 v TO.8O

0 0.70

Pt.

0. I8 1 0.96 -

0 .2 __ _ 1.....1 .....-....L 9

0.3 0.88

0 0.84-
0.1 0

0 ' - _ _ 0.80-0.4 0.5 0'.6 0.7 0.8 0.9 MFR
Presst e recovery V mass flow ratio

0.6 0.4

V DC60
0.4 0.22

0.2 0
0.4 .o 5 0.6 0.7 0.8 0.9 MFR

DCsa V mass flow ratio

0.2 0.4 0.6 0.8 1

2min

Fig. 53 - Reynolds number effect -M = 0.8 & a = 20,1 DC

0.5-.

2 min

DC4 o 0 . -- - - - - - - r - - t 'I

0.4 s 0. 0. 7 0.8 0.9 MFR
2 min OC60 V mass flow ratio

0.5- + f, a 1600 Hz

0 ft - 3200 H

. Fig. S4 -Cut-off frequency effect - M a 0.8,
= 15. Re = 1.25.

0
0.4 0.S 0.6 0.7 0.8 0.9 MFR

2 min DC4 V mass flow ratio
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4.6.8 - Repeatability study at RAE .5s - - ....-.. . ..
M G PR Ao]Ac DCo M,.

The question of repeatability and accuracy is I.8 10 0.783 0.905 0205 0.713

of much greater complexity in dynamic than in oc601X --- ; ----

steady state measurements. Even assuming that then 1  .  - ,
measuring and analysing equipment is 100 % S1 .
accurate, measurements made in unsteady flow may
show considerable variation. The flow may be I
'stationary' in a statistical sense (i.e. samples taken at . I
different times will have the same mean values) bux , I . ._

peak va lues of flow distortion are not'ergodic' (i.e.

samples taken at different times will produce 0.5' Lea. --- .f
different peak DC6o values).tThis isaclearly shown up 00305 rei
in the RAE repeat tests at Mo = 1.8 (Table H). I Intercpt *= 0.6386

n ~ e rr o ~ Predicted maximumr -

Table II. - Repeatability of DC60 values. 0 u (Ž1. ....... L ..... . L.-_) = 769 .

M = 1.8,a = 10*,A oIAC =0.04, -2 0 2 RedUCc) variate4

P8 =0. =0.782
1.5

Dynamic DC60 - T M a PR AkA< DC50  OC60XI

Data point Time 1.8 10 0.782 0.904 0.203 0.920
] po average I-CEPT slope 2min C6.... --

No Dc Lowest Highest DC.
peak peak - - F

43 0.199 0.544 0.767 0.605 0.056 0.844

Repeat 68 0.200 0.530 0.758 0.606 0.049 0.813 -"
69 0.203 0.547 0.724 0.612 0.044 0.801 F
70 0.200 0.563 0.709 0.620 0.035 0.771
71 0.201 0.558 0.741 0.619 0.044 o.806 0.5 " LeastSQfit:-
72 0.201 0.532 0.787 0.611 0.060 0.867 Slope = 0.0822

73 0.203 0.574 0.708 0.630 0.033 0.771 - -- Predicted ma= imum i

74 0.202 0.577 0.781 0.617 0.052 0.836 1 0C40oafter 2 min$ I
75 0.201 0.57A 0.810 0.622 0.055 0.855 1 (fUllscale) = 0.959

76 0.201 0.559 0.729 0.618 0.048 0.822 o L.- a ll -l 09

77 0,204 0.556 0.721 0.612 0,043 0,798 Reducedvariate

78 0.203 0.545 0.920 0.609 0.082 0.959
79 0.201 0.555 0.776 0.639 0.043 0.824 0.2
80 0.205 0.598 0.713 0.639 0.030 0769 9.2 - ............-

_______ -- -. DC60ix
8.41..... ... -- ..... J

The Jacock method of dnal sis attempts to 7.6.. ! . ...... -
overcome this in a logical manner but with only 20 ......
peak values a single very high or very low peak can .

significantly distort the results. DP78 is a case in point 6.8 Slope = 0.0439
where the slope of the least squares line is obviously -- --- ntercept = 0.619

affected by one very high peak value. Jacocks plots 6_..]_2mrainOC 6 o = 0.806

for the repeats with the highest and lowest slope _.Predicted maximum 42
(DPs 78 and 80) are shown in Fig. 55 (a) (b). It should 5.21-_- -_Y -171
be noted that though in general the slope does vary 0. 2 4 6
considerably, the intercept (the reduced variate y = 0 Reduced variatey
value) remains remarkably consistent. A composite
plot of all peak DC60 values from DP43 and repeat Fig. 55 (a)- (c)- Jacocks plots of DC60ox
DPs 68-80 (regarding these as a continuous topredict2minDC6&.
recording) can be produced as shown in Fig. 55 (c). It
can be deduced from this plot that the very high
peak value of DP78 corresponds to a return period ofabout 27 minutes full scale. Assuming the
measurem.rt to be correct, this clearly represents a Section 4.7
rare eve,,z, but in principle it could occur only a
fraction of a second after entering the relevant CONCLUSIONS AND RECOMMENDATIONS
intake operating condition. Many and varied means exist for studying air

Ten repeat measurements at Mo = 0.8, a = 15O intakes experimentally.
show a similar variation in intercept value but with
less variation of slope (0.027 to 0.037 compared to Still today tests on models of modest scale
0.030 to 0.082 at Mo - 1.8). constitute the most appropriate way of addressing

the problems of defining a new aircraft
The main conclusion from this brief configuration or choosing an air intake concept that

investigation is that in flows of moderate to high will satisfy the given requirements.
turbulence the naturally occurring random variations
in peak distortion aro likely to be of much greater So this approach can be developed further,significance than any other uncertainties due to with a constant emphasis on better identification
different experimentai techniques. and measurement of the parameters describing the

internal flow - chiefly its unsteady distortion - and
defining the external forcc balance better.

This is the motivation of the test program
initiated by AGARD and described in tho last section,
in which the steady and unsteady distortion of the
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internal flow is studied repeatedly for the same [5] P.H. Ashwood - Free jet test of a full scale
intake in a variety of test facilities, in order to supersonic intake/engine combination.
evaluate the precision of the measunements. AGARDCP91 -1971.

At the same time, large scale testing, at close 16) J. Leynaert - Compilment A prises d'air - Cours
to flight Reynolds numbers and possibly with the ENSAe 1985.
actual aircraft air intake and engine too, is expected
to be invested in heavily for the purpose of
predicting more precisely the compatibility limits (7] J. Leynaert - Fundamentals of fighter aircraft
between engine and intake, and adapting them to design :engine intake and afterbody.
each other. AGARD R 74 - 1986.

There is no fundamental difference between [8] J. Leynaert - Les prises d'air et arritre-corps de
supersonic and hypersonic air intake tests, the latter moteur des avions subsoniqu.,s et
of which have not been mentioned so fat; but there supersoniques. El6ments gentraux - ONERA
are currently no testing facilities for large-scale TP 1988-132, 1988.
hypersonic experimentation with engine, and this
will have to be considered for the future. [9] J. Leynaert - Entr~es d'air et arricre-corps de

fuseau moteurs en transsonique.
Finally, to get better theoretical predictions of AGARD CP 83 - 1971.

air intake performance, the validity of the
calculation codes and their components have to be [10] E. Carter- Experimental determination of inlet
analyzed in greater depth, which means that new characteristics and inlet and airframe
means have to be developed that are adapted to intenrerence. AGARD LS 53, 1972
detailed analysos of these specific flows. [11] B. Masure, J.L. Solignac, P. Laval - Mass flow

rate measurements by means of a sonic
Results from measurements of pressure throat; Pittsburg Symposium 1971 (ONERA

recovery, mass flow, DC60 and DC60x from three TP 956-71).
European wind tunnels using a common
axisymmetric pitot intake have been compared. In [12] Richard J. Re - An investigation of several
general there has been a good measure of NACA.1 series inlets at Mach numbersfromO.4
agreement at all the common test condition of to 1.29 for mass flow ratio near 1.0. NASA TM
Mo = 0.75 - 0.9 and 1.8 and incidences from 0"-25°. X3324-1975.
Even where absolute values are markedly different,
the shape of the variation of DC60 and DC6OIx with [13] W. Hoelmer, J.L. Younghans, J. Cl. Ri nal -
mass flow is usually very similar. The exact source of Effects of Reynolds number on upper cowl
discrepancies can be in the value of the original flow separation. ICAS Proceedings, 1984.
pressure signals, the form of the engine face
instrumentation and/or the geometry of the duct [14] D.L. Motycka (Pratt and Withney) -
(including the duct exit) downstream of it (Ref. 30). Comparison of model at full scale inlet
The means of signal conditioning and the distortion 'or subsonic commercial transport
subsequent processing to obtain DC60 and DC60ox are inlet. AIAA 84 2427- 1984.also relevant.

Asubsequentanalysisin reaterdeth should [15] J. Leynaert - Essai5 de prises d'air 6 des
hg p nombres de Reynolds comparables au vol darns

lead to a cooperative effort to tighten and lessouffleriesF1etSlMAdel'ONERA-
standardise on engine face instrumentation and data AGARD CP 301 - 1981.
collection and analysis procedures, which will benefit
all participants. [16] AGAFD CP 301 - Aerodynamics of Power Plant

The undoubted success of this cooperative Installation. 1981.
exercise, especially in the realm of dynamic distortion [17] AGARD CP 348 - Wind Tunnels and Testing
measurements with all itscomplication and manifold
potential sources of variation, shoule be followed by Techniques 1983.
further exercises 0f this nature. In particular, the use [18J SAE-ARP (Aerospace Recommanded Practice)
of a more complex mode, that involved shock
boundaiy layer interaction on an adjacent surface to n" 1420- 1978.
an intake or on an intakewith a compression surface [19] I.E. Surber and Clay Fugimura - Inlet engine
would be of great interest. compatibility. VKI lecture series 1i88-04 -

"Intake Aerodynamics', 1988.

[20] F. Aulehla and D.M. Schmitz. Intake swirl andREFERENCES simplified methods for dynamic pressure

distortion assessment. VKI Lecture Serie[11 C.H. Stevens, E.D. Spong, M.S. Hamm~ock 1988-04. "Intake Aerodynamics", 1988.
F1 5 inlet/engine test techr iques and distortion
methodologies studies. Vol. 1 - Technical Dis- 1211 P. Carritre - Aper;u de quelques problimes
cussion NASA CR 144866- June 1978. atrodynamiques actuels posls par les prises

d'air supersoniques. ler Symposium inter-
[21 Tate, Jack T., Inlet - Engine compatibility nationalsurlesProgr~sdesRdacteursd'Avion.

testing techniques in ground test facilities. Marsille, 1972 - ONERA TP 1102.AGARD CP 293 - 1981.

3] . - [22] R.W. Guo and J. Seddon - The swirl in a S. Duct1 J.R. Bion -oSteady and unsteady inlet flow of typical air intake proportions. Aeronautical
simulation for engine ground test. 20th *Joint Quaterly, Maiy 1983.propulsion". Conference (AIAA/ASME/SAE)
1984 (ONERA TP 1984-35). [23] I.M. Hall - Transonic flow in two-dimensional

and axially symmetric nozzles. Mechanic of
[41 James G. Mitchell Fluid dynamic aspects of Fluid Department. Manchester University

turbine engine testing. AGARD CP 348 - 1963. (January 1962).
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La Recherche Adrospatiale no 120 - 1967. [37] Ch. Stevens, E.D. Spong et al., - Evaluation of a
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prediction of maximum inlet distortion -
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Report of the ASME Committee on fluid
meters. 1971- Beam H.S.ed. [39] D. Sedlock - Statistical analysis method for

prediction of maximum inlet distortion -
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Aerodynamics 1985. Collins ed. p. 354, Sept. 1985.
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March 1990.
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Rampeneinlauf bei Uberschallstr6mung Jan. 1990.
Jahrbuch 1986.1 der DGLR.

[42] E.L. Goldsmith - Forces and pressure
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CHAPTER 5

Concluding Renarks

Since detailed summarizing and concluding remarks were given in the previous chapterb for
the various classes of configurations, only a few general remarks will be made here.

The Working Group compiled comprehensive information about transport and military
aircraft as well as missile intakes covering

- design methodology and integration concepts
- computational tools
- wind tunnel testing techniques and testing limitations in the subsonic, transonic, and

supersonic speed range.

No information has been gathered for hypersonic configurations exhibiting real gas
effects. However, advanced computational tools allow for necessary extensions where
physical models are available. Large scale testing facilities do not exist for hypersonic
flight conditions.

Validation/calibration of computational tools is extreaely difficult due to the limited
amount of detailed experimental data.

Interaction between air intakes and engines need further consideration from both air
vehicle and engine designers.
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Microfiche Appendix

This Microfiche Appendix contains "'Contributions to lbst Cases" relating to
S,.ction 3.3 'Analysis of'lTst Cases" as listed in the Cormtents Pages ix, x, xi.

(Fiche No. 5 contains the colour repioductions referred to throughout
Fiche No's I to 4.)
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Contributions to Test Case 1

Transonic normal shock/turbulent
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NUMORANDUK SVEBRDRUP TECHNOLOGY, INC.

Date: Nay 8, 1990

Organization mail Stop

T*2 Record

Vron: D.H. Huddleston EL2 900

Thrus

,Ubjoct: AGARD WG13 Test Case 1: Transonic normal shock/turbulent
boundary layer interactions

The requested preliminary comparisons of axial pressure distribution
and boundary layer velocity profiles are attached, for the subject test
cases 1.1 and 1.2. Computations for each test case were made by
application of the PAxC2D Navier-Stokes code. The algebraic turbulence
model available in PARC2D was applied without modification.
Computations were mads on a grid containing 9050 grid points with
approximately fifty grid lines within the boundary layer. Preliminary
comparisons with AGARD data for test case 1.3 is not yet available.
The AGARD data, as receiveJ for test case 1.3, requires interpolation
of the data in order to produce the comparisons at the requested axial
stations. This does not seem consistent since the purpose of the AGARD
test cases is to evaluate currnetly available CFD codes relptive to
detailed turbulent flow measurements.
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eMesrschmitt-Blkow-Blohm GQIR
FE211, P.O. Box 801160
"D-8000 NK1nchen 80, FBG

October 4, 1990

Input for •AGU Working Group 13, Tlest Case 1:

Transonic shock-ave/turbulent bounaty-layer interactions

The solutiont of the transonic-flows in the SS transonic channel of the
ONERA Fluid Mechanics Laboratory were obtained using the two-dimensional
Navier-Stokes code NSFLEX (Navier-Stokes solver using characteristic flux
extrapolation) (1'. It is-a' finite-volume method applicable to sub-,
trans- and hypersonic flows. ITie inviscid fluxes at the finite-volume fa-
ces are evaluated by solving a Riemann problem (2]. A third-order accurate
local characteristic flux extrapolation, scheme of type MUSCL (31 is em-
ployed. For capturing strong shock --ave.; (especially in hypersonic flows)
a flux vector splitting is used 14!. For the interpolation between the two
ways (MUSCL flux-difference splitting and a modified Steger,/Warming flux-
vector splitting) to form cell face fluxes a sharpened high-order limiter
derived from the van Albada 'imiter has been incorporated. The viscous
fluxes are approximated witi. central differences. The numerical method
utilizes the algebraic turbulence model of Baldwin and Lomax (5]. The in-
factored implicit equations are solved in time-dependent form by a point
Gauss-Seidel relaxation technique. By applying the so-called checkerboard
scheme, in which points are divided into black and white ones, a high de-
gree of vectorization is achieved. The code contains multi-blocking capa-
bility and real gas effects are incorporated.

The computational grids used are shown in Fig. 1 to Fig. 3. Because of
the symmetric geometry of the nozzle of the test case TCL.l and TC1.2 one
half of the flow fields with symmetry condition were calculated only. Each
of the grids consists of one block and was generated with an algebraic
mesh generator ensuring perpendicular intersection of the grid lines with
the surfaces. The inner-law variable z* can be varied. The results shown
in Fig. 4 .o Fig. 21 were produced on grids with 209*100 points (TC1.1),
236*100 points (TC1.2) and with 239*100 points (TC1.3). Grid refinements
from 100 to 200 points in z-direction with z4(200 points)-0.1*z+(100
points) did not show any change neither in the wall p;essures, in the
mean velocity profiles nor in the shear stress profiles.

All calculations were performed on the SIIDENS supercomputer VP200.
They were started with the initial conditions of pt.=96000 N/m2 , Tt..300 K
and T. in the first cell row rif the entrance. The static pressure p/p,. a'-
the exit face of the channel was used to adjust the shock position.

The mass loss along the duct, Fig. 7, Fig. 13 and Fig. 19, was used
both for quality check of the code and convergence criterion. dn was re-
fered to the mass flux 1 in the third--cell in A-direction. About 20000
iterations for TC1.I and TCI.3 and 30000 iterations for TC1.2 were necess-
ary to obtain converged solutions. The computations required 8.OE-5 se-
conds per point and iteration. The calculation was done turbulent starting
from the entrance.

References

(1) Schmatz, M.A.: NSFLEX - An implicit relaxation method for the Navier-
Stokes equations for a wide range of Mach numbers. Notes on Numerical



-AO

Fluid Mechanics, vol. 30, Vieweg, Braunschweig (1990),
(21 Eberle, A.: CTaracteristic flux averaging approach to the solution of

Euler's equations. VKI-Lecture Series 1987-04 (1987).
[31 Anderson, W.K., Thomas, J.L. van Leer, B.:: A comparison of finite

volume flux vector splittings for the Euler equations. AIm Papr 85-
0122 (1985).

"(4] Eberle, A., Schmatz, MA., Bissinger, N.C.: Generalized flux vectors
for hypersonic shock capturing. AIAA Paper 90-0190 (1.990).

(51 Baliwin, B.S., Loiax, 7.: Thin layer approximation and algebraic model
for separated turbulent flows. AIAM Paper 78-0257 (1978).
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Fig. 1 Com~putational mesh for the test case 1.1 (209**j0 points)
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Fig. 2 COmputational mkesh for the test case 1.2 (236*100 points)



1kig. 3 Comtputational mesh for the test case 1.3 (239*100 points)
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GENERAL DYNAMICS
FORT WORTH DIVISION

HAWK3QD CFD RESULT.:
GLANCING SHOCK/BOUNDARy LAYER iNTERACTION

The CFD results from a HAWK3D Analysis of the AGARD Test Case #2
(Glancing Shock/Boundary Layer Interactioni) are presented in tabular and
graphical formats. The graphs have the corresponding experimental data for,
comparison while the tables list only the CFD data.

The CFD solution was obtained without knowledge of nome details of the
experimental set up, because the given details of the problem were somewhat
vague. Accordingly, there are minor (yet possibly significant) differences
between the experimental and CFD analyses (summarized in Table 1).

A major point of concern is that the experimental Pitot pressures given to start
the CFD solution had values greater than 1.0 in the freestream. The Pitot
pressure values (nondimensionalized by freestream Pitot pressure supposedly)
were as great as 1.08 in the freestream. No explaination to this concern has
been found. Some question as to the nondimensionalization of Pitot pressures
downstream reults from these given Pitot pressures. Although most results
from the HAWK3D analysis compare well with experimental data, the
downstream Pitot pressures are up to 8% greater than the experimental data.

The grid size used was 100 X 70 X 50 with corresponding x,y,z dimensions of
11.5" X 8" X 4". A symmetry plane was used in the Z-direction. (The actual
tunnel height was 8"). The iniii~l CFD solution wARs started 0.5 inches upstream
of the wedge tip.

The HAWK3D code was run on the NAS CRAY YMP (before the February
1990 upgrades to the YMP). A converged solution was reached in 2000
iterations. The runs used approximately 12.7 seconds per iteration.

The results presented in this package represent a "first look" at the Glancing
Shock Problem. Limited time and funding reduced the CFD analysis to one
sparse grid and the assumptions shown in Table 1.

If there are any questions, comments or concerns please contact:

Ben Smith (817) 763-3069
General Dynamics/Fort Worth Division
P.O. Box 748
Fort Worth, Texas 76101
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Table 1

EXPERIMENT CFD
- WEDGE TIP WITH NO INITIAL • NO SLIP WALL BEGINS 0.5

BOUNDARY LAYER (BL) INCHES UPSTREAM OF WEDGE

- TUNNEL FLOOR BEGINS * TUNNEL FLOOR BEG:NS
WITH 0.55 INCH BL WITH EXPERIMENTAL

DATA FROM X=3.6"

• FULL TUNNEL CROSS , SOLUTION DOMAIN
SECTION: 8"X 8" 11.5"X8"wX4,
(WEDGE OFFSET FROM (SYMMETRY PLANE
TUNNEL WALL) USED IN Z-DIRECTION)

SBL's ON ALL TUNNEL WALLS , BL INITIALIZED ONLY
(BUT NOT ON WEDGE) ON TUNNEL FLOOR

- INITIALIZED WITH
EXPERIMENTAL PROFILES
FROM X =3.6"
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%tO CAUt #2: SURFACE STATIC PRESSURES; TOST CM #2: SUP.ACZ STATIC PRZESSURES;
?yfi S) P/5w X-5. 1; GD/NW HAWK3D Y(in) P/pRZ X-7.1 GD/rW HAMM3D
0.000 . 014 0.000 2.053
6.100 2.006 0.100 2.045
0.200 1.989 0.200 2.039
0.300 1.942 0.300 2.026
0.410 1.934 0.350 2.018
0.500 1.906 0.450 2.000
0.600 1.878 0.50C 1.992
0.;.00 1.848 0.550 1.983
0.750 1.833 0.700 1.954
0.800 1.817 0.800 1.932
0.900 1.784 0.900 1.108
1.050 1.713 0.950 "1.895
1,150 1.698 1.050 1.869
1.250 1.663 1.150 1.841
1.350 1.430 1.200 1.826
1.500 1.587 1.300 1.796
1.600 1.565 1.450 1.750
1.700 1.548 1.550 1.719
1.800 1.535 1.650 1.689
1.900 1.525 1.700 1.674
2.050 1.511 1.850 1.632
2.150 1.500 1.950 1.607
2.250 1.486 2.050 1.586
2,350 1.470 2.150 1.569
2.450 1.452 2.300 1.550
2.550 1.431 . 2.350 1.545
2.650 1.406 2.450 1.538
2.750 1.377 2.600 1.530
2.850 1.340 2.700 1.526
2.900 1.319 2.800 1.522
3.050 1,241 2.950 .. 513
3.150 1.175 3.050 1.506
3.250 1.119 3.150 1.497
3.350 1.068 3.250 1.487
3.500 1.032 3.350 1.473
3.600 1.013 3.450 1.457
3.750 1.003 3.550 1.438
3.850 0.999 3.650 1.415
4.100 1.000 3.750 1.388
4.200 1.001 3.850 1.357
4.400 1.003 3.900 1.331
4.600 1.006 4.050 1.247
4.900 1.010 4.150 1.200
5.150 1.014 4.300 1.122
5.400 1.017 4.350 1.109
5.600 1.019 4.450 1.085

4.550 1.055
4.750 1.039
4.950 1.028
5.150 1.025
5.250 1.025
5.450 1.025
5-,' 1.026

TEST CASE $2: SUHFACE STATIC PRESS3URES; TELT CASE 12: SURFACE STATIC PRESSURES,
Y(inz P/PREF X-8.1"; GD/1714 WK3D Y(i,,' P/PREF X-9.1"; GD/FW kiANK3D
!.000 2.065 0.000 2.076
0.100 2.057 -.100 2.067
0.200 2.054 0.200 2.066
0.250 2.050 0.300 2.060
0.300 2.045 0.400 2.052
0.350 2.040 0.500 2.043
0.400 2.033 0.600 2.034
0.500 2.020 0.700 2.023
0.600 2.006 0.800 2.011
0.700 1.99! 0.)00 1.997
ý..800 1.974 1.000 1.981
0.900 1.956 1.150 1.953
1.100 1.912 1.250 1.932
1.200 1.888 1.350 1.910
1.300 1.862 1-400 1.898
1.400 1.834 1.450 1.886
1.500 1.806 1.550 1.860
1.600 1.777 1.650 1.834
1.750 1.733 ' '00 1.820
1.850 1.705 1.850 1.779
1.950 1.677 1.950 1.752
2.100 1.640 2 050 1.726
2.200 1 616 2.150 .700
2.300 1.599 2.250 1.6'6
2.400 1.583 2.400 1.643
2.550 1.566 2.500 1.625
2.700 1.555 2.600 1.609
2.800 1.551 2.650 I.S03
2.900 1.549 2.750 1.59•1
3.050 1.546 2.850 1.!.83
3.200 1.542 2.950 1.!.77
3.350 1.536 3.050 1. !' 4
3.550 1.520 3.150 1.572
3.650 1.510 3.2N0 1.571
3.850 1.483 3 350 1.570
3.950 1.465 3.450 1 566
4.C50 1.443 3.650 61
4.150 1.419 3.750 1.555
4.250 1.306 3.850 1.547
4.350 1.35C 3,900 1.543
4.400 1.326
4.50W 1.278
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3UlT CXM #2: P1•M.tO? u3,8u , X-3.6'; YG-2.4'; TsT CA,3 #2: PITOT PRESSMRIS, X-3.6*; YG-2.9*;

s (in) PT/PTP.3F * 0/rw HAMK3O 3 (in) PT/PTR33? GD/M~ nAmWc3o
0.00000009+00 0.96369663-01 0.000000034.00 0.16314709+,00

.0.30297343-02 0.13160639+00 0.3029734Z-02 0.83916273-01
0.612221g6-02 0.L762247Z+00 0.61222162-02 0.15091703+00
0.92821443-02 0.19896Si3+00 0.92821443-02 0.18578313+00
0.12314343-01 0.2184726'+00 0.1251434Z-01 0.20$06549+00
0.15823783-01 0.23457253+00 0.158231T7-01 0.22660793+00
0.19215332-01 0.25026823+00 0.1021533X-01 0.24210943+00
0.22694083-01 0.26443543+00 0.2269407A-01 0.2556512E+00
0.26265363-01 0.27$24662+00 0.26265383-01 0.2685792Z+00
0.29934353-01 0.29085143+00 0.29934353-01 0.2800722E+00
0.3370654Z-01 0.30396223+00 0.33706549-01 0.2912450E+00
0.37587463-01 0.31531033+00 0.37587463-01 0.3020305E+00
0.41582822-01 0.32715193+00 0.41582823-01 0.3120384E+00
0.45698523-01 0.33881523+00 0.4569852Z-01 0.32244683+00
0.49940463-01 0.34964763+00 0.49940463-01 0.3319668E+00
0.5431471Z-01 0.3609321E+00 0.5431471Z-01 0.3414764E+00
0.58827763-01 0.37214413+00 0.58827763-01 0.3513604E+00
0.63485823-01 0.38258943+00 0.6348582Z-01 0.3605394E+00
0.6$295663-01 0.3934625S+00 0.6829566E-01 0.3697802E+00
0.73264173-01 0,4047844E+00 0.7326417E-01 0.3793828E+00
0.7839799Z-01 0.4150226Z+00 0.7839800E-01 0.3887627E+00
0.8370463E-01 0.4255737E+00 0.8370463E-01 0.3978218E+00
0.8919108E-01 0.4365545E+00 0.0919108E-01 0.40723363+00
0.94865283-01 0.4475709E+00 0.94865283-01 0.4170151E+00
0.10073463+00 0.4577963Z+00 0.10073461+00 0.4261804E+00
0.10680743+00 0.46843673+00 0.10680743+00 0.43551013+00
0.11309153+00 0.479MI01E+00 0.1130915E+00 0.4452045Z+00
0.11959533+00 0.4905785E+00 0.11959533+00 0.4552791E+00
0.12632763+00 0.5009789E+00 0.1263276E+00 0.4647746E+00
0.13329713+00 0.5118004E+00 0.1332971E+00 0.47456763E00
0.14051293+00 0.5230609E+00 0.1405129E+00 0.48474223+00
0.14798429+00 0.5346215E+00 0.14798423+00 0.4953144E+00
0.1557207E+00 0.5451977E+00 0.15572073+00 0.5055141E+00
0.1637321R+00 0.5562027E+00 0.16373213+00 0.51589253+00
0.17202833+00 0.5676548E+00 0.1720233E+00 0.5266743E+00
0.18061973+00 0.5795723E+00 0.1806197E+00 0.5378758E+00
0.18951683+00 0.5912105E+00 0.1895168E+00 0.5493506E+00
0.19873033+00 0.6030055E+00 v.1

9
873039+00 0.5610616E+00

0.2082713E+00 0.6152762E+00 0.2082713E+00 0.57322273+00
0.2181510C+00 0.6280412E+00 0.2181510E+00 0.5858513E+00
0.22838093+00 0.6410535F+00 0.2283809E+00 0.S989633E+00
0.23897303+00 0.6533210E+o0 0.2389730E+00 0.6119726E+00
0.24993913+00 0.6660828E+00 0.2499391E+00 0.6254435E+00
0.2M129160+00 0.6793584E+00 0.2612916E+00 0.63942713+00
0.27304313+00 0.6931673E+00 0.2730431E+00 0.6539412E+00
0.2652065E+00 0.7074985E+00 0.2852065E+00 0.6691328E+00
(:.2977945E+00 0.7223629E+00 0.2977945E+00 0.6851526E+00
0.3108208E+00 0.7378041E+00 0.3108208E+00 0.7017700E+00
0.3242989E+00 0.7538425E+00 0.3242989E+00 0.7190045E+00
0.33824243+00 0.7704990E+00 0.3382424E+00 0.7368756E+00
0.35266543+00 0.7883701E+00 0.35266S4E+00 0.7555635E+00
0.3675824E+00 0.8070349E+00 0.3675824E+00 0.7750205E+00
0.3830077E+00 0.8263785E+00 0.38300773+00 0.79517947+00
0.3989561E+00 0.8464232E+00 0.398956!E+00 0.8160619E+00
0.4154426E+00 0.8670393E+00 0.4154426E+00 0.6376893E+00
0.43248243+00 0.8855546E+00 0.43248243+00 0.e571540E+00
0.4500906E+00 0.9047143E+00 0.4500906E+00 0.8770011Ef00
0 46828323+00 0.9245385E+00 0.46828M23+00 0.8975388E300
0.4870759Z+00 0.9450451E+00 0.4870759E+00 0.9187862E+00
0.50648453+00 0.9630170E+00 0.5064845E+00 0.939i645E+00
0.5265253E.00 0.9733182E+00 0.5265253E+00 0.9518593E+00
0.5472147E+00 0.9839605E+00 0.5472147E+00 0.9649795E+00
0.56856893+00 0.9949529E+00 0.538568nE+00 0.97853603,00
0,5906052E+00 0.1006305E+01 0.5906052E+00 0.9925409E+00
0.6133402E+00 0.1012920E+01 0.6133402E+00 0.1002892E+01
0.6367909E+00 0.1013397E+01 0.636790%E+00 0.1008232E+01
0.6609744E+00 0.1017952E+01 0.6609744E+03 0.1013742E+01
0.68590849+00 0.1020587E301 0.6859084E+Co 0.1019426E+01
0.7116103E+00 0.1023303E+01 0.7116103E+00 0.102528&E+01
C.7380980E+00 0.1026049E+01 0 7380E80E+00 0.1027413E+01
0.76538933+00 0.1028872E+01 0.7653893E+00 0+1028661E+01
0.7935025E+06 0.10317813.01 0.7135025E+00 0-1029948E+01
0.8224557E300 0.1034777•+01 0.8224557E+00 0.10312733+01
0.85226753+00 0.1037506E+01 0.8522675E+0o 01033/00E+01
0.88245729+00 0.10402403E01 0.8829572E+00 0 1036566E+01
0.9145432E+03 0.1043055E+01 0.

9
)i543

2
E3uv 0.10395163+01

0.94704513+00 0.104912E301 0.9410451E+00 0 1042345E+01
0.9-04828E+00 0.10473913,01 0.98048283E00 0.1043627E#01
0.1014876x+01 0.1049118E+01 0.1014876E+01 0.1044947E+01
0.10502459+01 0.1050895E+01 0.1050245E+01 0 1046305E+01
0.10866113+01 0.10518603+01 0.1086611E+01 0 1047059E+01
0.11239963.0. 0.1052744Z+01 0.1123996E+01 0.10., 695£+01
0.11624103+01 0.1053654s+01 0 11624203+01 0.1048348E+01
0.1201907E+01 0.10537383.0! 0.1201907E.01 0 10495629+01
0.12424793.01 3.10536943.01 0.1242479E3,0 0.1050940E+01
0 12841613+01 0.10538309+01 0.12841613+01 0.1052329E+01
0.13269779#01 0.10561499+01 0.1326977E+01 0 1052423L+01
0.13709529+01 0.10585339+01 O.1r09s23E+V! 0 10525203#01
0.14161139+01 0.1060224E÷01 0.14161133+01 0 !0528573.01
014624089+01 0.1061132E-01 0 1462488E+01 0.10S35 2 2EO01
0.15510104L401 0.10620213+01 3 i,101040+01 -. 1054205E401
0 15589933*01 0 10621341401 0.1550993E.01 0.10548991.01
0.16091853.01 C 10622492+01 0 16091853+01 0.10556113.01
0.16607133+01 0.1061051 +01 0 1660713E+01 0.1056445L+01
0.1713682%401 0.1059423t.01 Z.17136121401 0.10573409+01
0.1761916E+01 0.058502-Ot0i 0.17679181+01 0.10570911÷01
0.1823668L+01 0.105e0273+01 0.18236693+01 0.1055954f+01
0.18809031+01 0.1056091z301 0.1880903'+01 0.10543523401
0.1939666Z+01 0.105,580+e01 0 19396663+01 0-10523289+01
0.20000003.01 0.10596929+01 0.20000001.01 0.10522073+01
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ZTST CASE #22: PITOT PpXSS•Sl , X-3.6"; YG-3.91: TEST CASE #2: PrToT P$1smJs; X-3.6*1 YG-4.9*;.

z (jin) PT/PTPZr GD/rW RAW,3D Z (is%) PT/flPTlM Q0/1rW BAUM3D0.00000009+00 0.13206391+00 0. 0000000+00 0.9268330N-01
0.30297342-02 0.90294769-01 0.30297352-02 0,1036875.+000.61222163-02 0,1644758E+00 0.6122217E-02 0.17317313+00
0.92821443-02 0.19459953+00 0.9282144Z-02 0.20125413+00
0.12514342-01 0.21460042+00 0.125l113E-0i 0.22178493+00
0.15823763-01 0.23227713+00 0.1582376Z-G1 0.2383185+000.19215333-01 0.2481913E+00 0.1921533Z-01 0.25409*51+00
0.22694083-01 0.2613004E+00 0.22694083-01 0.26724603+00
0.26265383-01 1.27458202,00 0.2626538Z-01 0.28040423+00
0.2993435E-01 0.2859123B+00 0.29934363-01 0.29178295+00
0.3370G541-01 0.2974568E+00 0.33706543-01 0.3036328$+00
0.37587463-01 0.30021903+00 0.3758747E-01 0'.31423499+00
0.4158282Z-01 0.3185408E+00 0.4158282E-Gi 0.3248429r+00
0.15698513-01 0.32927458+00 0.45698513-01 0.3356265Z+00
0.49940463-01 0.3388405E+00 0.4994046E-01 0.3453006t+000.54314713-01 0.3486771E+00 0.5431471E-01 0.2:13413Z+00
0.58827764-01 0.35890003+00 0.5082776Z-01 0.36560312+00
0.63485829-01 0.3681050E+00 0.6348582E-01 0.3748945E+00
0.68295663-01 0.3775757E+00 . 0.6829566E-01 0.3845445E+000.7326417C-01 0.38741613+00 0.73264173-01 0.3945698E+00
0.78397S'E-01 0.3968483E+00 0.7839799E-01 0.4038784E+00
0.8370464E-01 0.4061203E+00 0.8370462z-01 0.41320533+00
0.8919108E-01 0.4157524E+00 0.8919109E-01 0.42289363+00
0.9486528V-01 0.4257614E+00 0.9486528E-01 0.43282883+00
0.10073461+00 0.4349161E+00 0".10073463+00 0.4419875E+00
0.10680743+00 0.44437363+00 0.1068073E+00 0.4515005E+00
0.11309153+00 0.45419963+00 0.1130915E+00 0.4613836E+00
0.11959533+00 0.4643740E+00 0.11959533+00 0.47147543+00
0.12632763+00 0.4739831E+00 0.1263276E+00 0.4810300Z+00
0.1332971Z+00 0.4839649E+00 0.1332971E+00 C.4909551Z+00
0.14051293+00 * 0.4943349E+00 0.14051293+00 0.5012652Z+00
0.1479a428+00 0.50510903+00 0.1479842E+00 0.51197663+00
0.15572071+00 0.5154254E+00 0.1557207E+00 0.5222744Z+00
0.16373212+4jO 0.5260171E+00 0.1637321E+00 0.5329574E+0O
0.17202833+00 0.5370193E+00 0.1720283E+00 0.5440544E+000.18061983+00 0.5484491E+00 0.1806197E+00 0.55558143+00
0.18951681+00 0.5601902E+00 0.1895168E+00 0.56734373+00
0.1987303E+00 0.5722604E+00 0.1987303E+00 0.5794242E+000.2082713s+00 0.5847943E+60 0.20827131+00 0.5919685E+000.2181510E+00 .0.5978093E+00 0.2181510z+00 ^ 6049944E+00
0.2283810E+00 0.6113133E+00 0.2283809E+00 0. "84817E+00n.2389730E+00 0.6246076E+00 0.2389730E+00 0.6 .'126E+00
U.24953911+00 0.6384090E+00 0.2499391E+00 0.646-.6F+000.2612916E+00 0.6527361E+00 0.2612916E+00 0.6609532E+00
0.2730431E+00 0.6676069E+00 0.2730431E+00 0.6761994E+00
0.2852065E+00 0.6833256E+00 0.2852065E+00 0.69235901+00
0.2977945E+00 0.7000837E+00 0.2977945E+00 0.7095283E+00
0.31082081+00 0.7174661E+00 0.3108208E+00 0.7273375E+00
0.32422893+00 0.7354933E+00 0.3242989E+00 0.7458081E+00
0.3382474E+00 0.7541863E+00 0.3382424E+00 0.7649603E+00
0.3526654E+00 0.77334771+00 0.3526654E+00 0.7844178r+00
0.3675824E+00 0.7931072E+00 0.3675824E+00 0.8044496E+000.3830077E+00 "0.1358009+00 0.3830077E+00 0.8252066E+00
0.3989561E+00 0.8347882E+00 0,3989561E+00 0.8467106E+00
0.4154426E+00 G.85675299+00 0.4154426E+00 0.86898503+000.4324824E+00 0.8766308E+00 0 4324824E+00 0.8887,- -10
0.4500906E+in 0.8970528E+00 0.4500905E+00 0.9091297E+00
0.468281" -00 0.91818711+00 0.4682832E+00 0.9302592E+30
0.487? .9E+00 0.9400551E+00 0.4870759E+00 0.9521208E+00
0.5064845B+00 0.9602641E+00 0.5064845E+00 0.9716226E+00
0.52bl253E+00 0.9712209E+00 0.5265253E+00 0.9817703E+000.5472146E+00 0.98254361+00 0.5472146E+00 0.9922550E+00
0.56856891+00 0.9942414E+00 0.5615689E+00 0.1003087E+01
0.590'6051E+00 0.1006325E+01 0.5906052E+00 0.1014275E+01
0.6133403E+00 0.1014275E+01 0.6133402E+00 0.1020779E+01
0.6367909E+00 0.1017275E+01 0.63679099+00 0.1022477E401
0.6609744E+00 0.1020370E+01 0.6609745E+00 0.1024229E+01
0.6859085E+00 0.1023564E+01 0.6859084E+00 0.1026036E+010.7116103E+00 0.1.026856E+01 0.7116104E+00 0.1027899E+01
0.7380980E+00 0.1029566E+01 0.7380980E+00 0.1030947E+01
0.76ý3893E+00 0.1032223E+01 0 7653893E+00 0.1034265E+01
0.7935024E+00 0.1034960E+01 0.79350i5E+00 0.10W7683E+01
^ 8224558E+00 0.10377?.E+01 0.8224556E+00 0.1041204E+01
0.8522675E+00 0.1039109E+01 0.8522676E+00 0.1042608E+01
0.8829571E+00 0.10399971+01 0.88295721+00 0.1043480E+010.9145432E+00 0 1040911E+01 0.9145432E400 0.1044378E+01
0.9470451E+00 0.1042030E+01 0.9470451E+00 0.1045530E+010.9804827E+00 0.1044343E+01 0.9804828E+00 0.1047928E+01
0.1014876E+01 0.1046723E+01 0.1014876E+01 0.1050395E+01
0.1050245E+01 0.1049171E+01 0. 1050245E+01 0.1052933E+01
0.1086611E+01 0.1050962E+01 0.1086611E+01 0.1054240E+013.1123996E+01 0.1052665E+01 0.1123996E+01 0.1055379E+01
0.1162420E+01 0.1054416E+01 0.1162420E+01 0.1056550E+01
0.12019071+01 0.1054744E+01 0.1201907E+01 0.1057687E+01
0.1242479E+01 0.1054765E+01 0.1242479E+01 0.1058844E+01
0.1284161E+01 0.1054836E+01 0.1284161E+01 0.1059987E+010.1326977Z+01 0.10562061+01 0.1326977E101 0.1060388E+02
0.1370952.+01 0.10576131+01 0.1370952E401 0.1060'199E+010.1416113E+i1 0.1058732E+01 0.1416113E+01 0.1061601E+01
0.14624881+01 0.1059465E+01 0.1462488E+01 0.10628719+010.15101059.01 0.10Fý0217E+01 0.1510104E+01 0.10641971E010.15589931+01 0.106,'53•E+01 0.1558993E+01 0.1066145E+01
U.16091859+01 0.1'61706g.01 0.1609185E101 0.10681443+01
0.16607141+01 0.1062757S+01 0.1660713E+01 0.10682711.01
0.17136121+01 0.1063938Z+01 0.1713612E+01 0.10677621+01
0.17679181.01 0.10661161÷01 0.1767918E+01 0.10695703+01
0.1823668$+01 0 '^9044E+01 0.1823668$+01 0.10,:992E+01
0.18809031+01 0.1071469E-01 0.1880903E+01 0.10768083+010.19396668+01 0.1073473,+0: 0.19396669+01 0.10809639+010.2000000t+01 0.1075563+01 0.2CM00009+01 0.10824785+01



A39

TEST CASE #2: PITOT PPg , X-3.6"; YG-5.4^: TEST CASE #2: *ITOT PRSZSURES, X-7- '; YG.0.251;
z ii') PT/1 GD/Vi HAMM3D Z in) PT/PTRhF GD/FW HARrK3D

S0.0000000100 0.$593$643-01 0.0U00?0E÷+00 0.5404502E+00
0.3029734E-02 0.1147712400 0.30297M s-02 0.6216704E+00
0.6122216Z-02 0.17720391+00 0.6122216E-02 0.6830189E+00'
0.9282144Z-02 0.20353143+0. 0.9282144E-02 6.7264388E+0C
0.1251434Z-01 0.22401671+00 0.12514349-0' 0.7682944E+00
0.1582376z-al 0.23957991+00 0.1582376Z-01 0,8006199E+00
0.1921533K-01 0.254730•+00 0.1921533E-01 0.8333157E+00
0.22694085-01 0.26772369+00 0.2269408E--l 0.8585165E+00
0.26265382-01 0.28054209+00 0.2626538E-01 0.8845474E+00
0.29934351-01 0.29188521+00 0.29934351-01 0.9072117E+00
0.3370654X-01 0.30367921+00 0.3370654E-01 0.9281114E+00
0.375$746Z-01 0.3139161+00 0-3758746E-01 0.9497067E+000.41582821-01 0.32455651+00 0.4158282E-01 0.9676271E+00
0.45698.29-01 0.335106W6100 C.4569852E-01 0.9851796E+00
0.49940,6Z-01 0.3447*U8i00 0.4994046E-01 0.1003330E+01
0.54314711-01 0.?5474175+00 3.5431471E-01 0.10191341+01
0.58827761-01 0,36481111+00 0.5882776E-01 0.1033999E+01
0.6348582E-01 0.37408519+00 0.6348582B-01 0.1049330E+01
0.6829566E-01 0.3837163+00 0.6829566E-01 0.1064647E+01
0.7326417E-01 0.39372309+00 0.7326417E-01 0.1077020E+01
0.7839799E-01 0.4028775x+00 0.7839799E-0. 0.1089848E+01
0.837b463E-0! 0.4121$031+00 0.8370463E-01 0.1103130E+01
0.A919108E-01 0.4218442z+00 0.8919108E-01 0.1115783E+01
0.9486528E-01 0.43165581+00 0.9486528E-01 0.1126442E+01
0.10073469+00 0.44081861+00 0.1007346E+00 0.1137490E+010.10680731+00 0.4503341+00 0.1068074E+00 0,1148945E+01
0.11309155+00 0.46022433+00 0.1130915E+00 0.1160177E+01
0.11959535+00 0.47023743+00 0.1195953E+00 0.1169480E+01
0.1263276E+00 0.4797061+00 0.1263276E+00 0.1179128E+01
0.1332971E+00 0.489671U3+00 0.1332971E+00 0.1189137E+01
0.1405129E+00 0.49995815+00 0.1405129E+00 0.11995211+01
C.1479842E+00 0.51060931+00 0.14798421+00 0.1208229E+01
-.. 15572071+00 0.52091491+00 0.1557207E+00 0.1217023E+01
0.1637321E+00 0.53161951+00 0.1637321E+00 0.1226149E+01
0.1720283E+00 0.54273991+00 0.1720283E+00 0.1235619E+01
0.1806197E+00 0.5542896+o00 0.1806197E+00 0.1244772E+01
0.1895168E+00 0.566ci.>÷0o 0.1895168z+00 0.1253221E+01
0.19873031+00 0.57804151+00 0.1987303E+00 0.1261989E+01
0.2082713E+00 0.5905361E+00 0.2082713E+00 0 1271088E+01
0.2181510E+00 0.60351072+00 0.2181510E+00 0 X.280531E+01
0.2283809E+00 0.61694725+00 .2283809E+00 t.".289287E+01
0.2389730E+00 0.63066941+00 0.2189730F+00 0.1298033E+01
0.2499391E+00 0.644915Z1+00 0.2. -99391E+00 0.1307104E 01
0.2612916E+00 0.65970341+00 0.2,12916E+00 0,316513E+01
0,2730431E+00 0.6750523z+00 0.2730431E+00 0.-326230E01O
0.2852065E+00 0.69126M21+00 0.28ý2065E+00 P.1334651L+01
0.2977945E+00 0.7083684E+00 0.2977945E+00 0.1343379E+01
0.3108208E+00 0.7261136E+00 0.3108208E+00 0.1352425E+01
0.3242989E+00 0.74451"E+00 0.3242989E+00 0.1361800E+01
0.3382424"+00 0.7636033z+00 0.3382424E+00 0.1370979E+010.3526654E+00 0.7829812=+00 0.35266541+00 0.13786721+01
0.3675824E+00 0.8029516E+00 0.3675824E+00 0.1386638E+01
0.3830077E+00 0.82364651+00 0.3830077E+00 0.1394886E+01
0.3989561E+00 0.8450841E+00 0.3989561E+00 0.1403422E111
0.4154426E+00 0.8672177E+00 0.4154426E+00 0.1410896E+o1
0.43248241+00 0.88712331+00 0.4324824E+00 0.1416631E+01
0.4500906E+00 0.9077294E+00 0.4500906E+00 0.1422559E+01
0.4682832E+30 0.92905211+00 0.4682832E+00 0.1428691E+01
0.4870759E+00 ,0.9511154E+00 0.4870759E+00 0.1435028E+01
0.5064845E+00 0.97064515+00 0.5064845E+00 0.1439411E+01
0.5265253E+00 0.98150439+00 0.5265253E+00 0.1442414E+01
0.5472147E+00 0.9927250E+00 0.5472147E+00 0.1445517E+01
0.5685689e+00 0.1004316E+01 0.5685689E+00 0.1448720E+01
0.5906052E+00 0.10162843+03 0.5906052E+00 0.1452027E+01
0.6133402E+00 0.1023161E+01 0.6133402E+00 0.1453683E+01
0.6367909E+00 0.10252351+01 0.6367909F - 0.1454965E+01
0.6609744E+00 0.1027374E+01 0.6609744E+00 , 14562881+01
0.6859084E+00 0.1029580E+01 0.6859084E+00 0.1.47654E+01
0.7116103E+00 0.1031855E+01 0.7116103E+00 0.1458497E+01
0.7380980E+00 0.1034454E+01 0.7"•980E+0V 0.1459914E+01
0.7653893E+00 0.1037166E+01 0.7653893E+00 0.1160903E+01
0.7935025E+00 0.1039961E+01 0.7935025E+00 0.1461901F,01
0.8224557E+00 0.10428E+01 0.8224557E+00 0.14629351+01
0.85226751+00 0.10443"E401 0.8522675E+00 0.1464154E+01
0.8829572E+00 0.1045474E+01 0.8829572E+00 0.1465409E+01
0.9145432E+00 0.1046673E+01 0.9145432E+00 0.3466702E 01
0.9470451E+00 0.1048171+01 0.9470451E+00 0.1468102E.01
0.980AS828E+00 0.10505401+01 0.9804828E+00 0.1469661E+01
0.1014876E+01 0.1053045E+01 0.1014876E+01 0.1471266E+01
0.1050245E+01 0.1055618E+01 0.1050245E+01 0.1472966E+01
0.1086611E+01 0.10564941+0I 0.1086611F.01 0.1475577E+010.1123996E+01 0.105714L2Z+01 0.1123996L,0] 0.1478264E+01
0.1162420E+01 0.1057M89E+01 0.1162420E+01 0.1481027E+01
0.1201907E+01 0.1058993E+01 0.1201907E+01 0.14838771+01
0.1242479E+01 0.106n274Z+01 0.1242479E+01 0.148680dE+01
0.1284161E+01 0.1061547Z+01 0.1284161E+01 0.1490156E+010.1326977E4,- 0.10621141+01 0.1326977E+01 0.1404811E+01
0.1370952E+01 0.10626M7+01 0.137095'E- 1 0.1499594E+01
0.1416113E+01 0.1063762E+01 0.14161136.01 0.1502834E+01o
0.1462488E+01 0.10653921+01 0.1462488E+01 0.1505093E+01
0.1510104E+01 0.1067039E+01 0.1510104E+01 0.1507412E+01
0.15589931+01 0.1068593E+01 0.1558993E+01 0.1509776E+01
0.1609185E+01• 0.10701$1E+01 0.1609185+E01 0.1512206E+01
0.16607131+01 0.10705131+01 0.16607131+01 0.1515244E+01
L. .1713612E+u1 0.10704315+01 0.1713612E+01 0.1518436E+01

0.17679185+01 0.1071611•+01 0.1767918E+01 0.1522762E+01
0.18236683401 0.10736M55101 0.1823668E+01 0.152" . E+01
0,1880903X+01 0.10771815+01 0.18809031+01 0.15'Lj. AI
0.19396665+01 0 10816"4s+01 0.1939666E401 0.1537037' 41
0.20000003401 0. 10933 ÷0z+o1 0.20000001+01 0.1538510., 1



A40
?2tlt Zlý #2., PITOT PIlzsS'-R~ , X-7.1"; YGý0.75'; TEST CASE #2: P:TO7 PRSUMMS, X-7.1'; Yd"1.25';

Z(itl) P1T/PTM~Z GD/FV MANK)30 Z (in) '1
1
AR ~ 3 JIW ANIS

0.0000MU*0 0-43701199400 0.300400000+00 0.2$806018+00
0. 30297 ' 4) -- '72#9+G^ 0.31025734E-02 0.3;705412+00
OT 214-1 o.",% '4x+oo 4.6:22169-02 0,44595729+00

-~- 0.92821449-02 0J~Ag550 .9282144%-02 0.4$394#9r+00
-4.12524349-01- 0.63324622Z+00 0.1251434E-01 0.51063279+00
0 IS82376fl-01 0.6609429r+00 0.15-02376.-01 0.53441USZ+00
0.121533s-li 0.6862L!709+00 0.1921533E-Oj. 0.3530592t+^

(j.215940agn-0i 0.705tV)20r+00 0.226940$E-01 0.67001542+00
0.2626S.;t-. - 0.7236413:4+00 . .26265385-01 0.58291459+00
0.2993436-ol 'O "I"M'O3+ 0.29934352-01 0.5062610E+00
0.3370S454-01 0 .3370654E-'J1 0.60543199+00
0.37587465-01 0.766923AA--, 0.375874435-01 0.6 147 316E45+01
0.413z828u-a1 0-7783481t,'10 0.4158282E-01 C-.623(0 iE+oo
0.4;690529-01 0.70636652400 O.J!!98Spz-01 0.630121$9+00
0.4994045Z-01. 0.79873089+00 0.499~4046n-01 0.,63C7903E,-00
0.54314719-01 0.9808435satDo !\54314?1z-01 0.6435372E+0o
0.58327755-Ox 0.81595'2E5+00 0.5882776E-ol 0-6483446E+00
0.634858' -01 0.024143484+00 0.6348582E-01 0.6533321E5+00
0.;029562F% 0.1 0.826296%+40 0.68295669-01 0.658so925+00
0 7326417%-01 oDe3532799+cV O.732641?E-01 0.66288901+00
0.7839799E*-Ol 0.8461890E501 0. 783979?5--Oi b.6668196t540c
0.0370463F.-01 0.8533054rl0o 0.837046%E-01 0.I6709063Z+00
00.9191081-OX 0.8604595E+00 1). as19108-03 0.-6*1 161O5,OOo
0.9488528m-0ý O.86672277r'ýO ...948652BE0- 0.67fi7452Z+00
0.1007347Z+0'1 0. '73'0 62V-00 P.1007346E400 0.6023354E+00
0.1D060143+00 0.87$96609+00 0.1060613E+00 0.68608244+00
0.113091U+O, O.986,24tv-.o 0.1130915E+0C 0l.6099944E+,00
0.13.95953z,.oo 0.6934062r5+00 0.11951953z+o0 0.69371092+00
0,12632761+00 C.9003670E+00 -1l263276Z+00 0.6975163E+oo
6.133490714+00 0. 9077.0705+00 0.1332971E+00 0.70149969+00
041405129v,+00 0.9145105E'+00 0.1405125r+00 0.7056700Z+00
0.147964215+00 0. o2l9996x+00 0.1479842i+Ob 0.7101821E+00'
0.15S72075-0tO 0.92576?70+v.o 0.15572079+00 0.71502980+00
0.1637321E4-00 0.9378-,9!Z+00 0.1637321E+00 0.?2011H45u+00
C. 172020,1+00 0.94610.19+00 0.1720283z500 0.7254403E+00
0'.l006197r0AO0 0.95S1255E.00 0,180619?E+00 L.73114139+00
0.19§S16896, 00 0.9646634E+00 0.1895168E+00 0.73814961&+00
0.1"'7303E+00 0.97459339*00 0.198'2'03E+00 ('.7454936E+00
0.20082713E-ý00 0.93~49343S+00 0,.2DeM3JB+0O 03.7531890E+00
0.21615105+00 0.9957020F.+03 0.21815100+00o 0. 761254274*ý00
0.22838001,P00 0.1007504E0+2 0.2283,09".+0( 0.7708182E400
0.23897305.00 0.1020081E+01 0.2389730F.400 0.7819263E,00
0.2499191Eo+o 0J.10331'!E+01 O0.2499,910+00 0.'7935469E+00
0.26.z2416S+00 0.1046'7973+01 0. 2612S 1 6X..00 0 -1051b016E+06
0.273043iE400 0.10S0977o,+01 0,2730431E.+*Oo 0.184159k:+00
0.2852065r,+00 o.1ý76isg+ol 0.M2065F.ý0O 0.8340S2!E+00
*i....27945E+00 0.1052503-"+01 0.297794SE,Ofl 0.8510187E+0O
0.3108208E+00 0.11092319+01 3).3108208E+03 li-8686835E+00
0.32429858+C30 0.1126X22E+Gl 0.3242909E+-00 0.38711?1s+08
0.1382424900-t 0. 11460A~+01 0.3382424E4i00 0.90t;478U0+00
0.3526654+0.0) 0.136281S+01 0.35266540,+0~ 0.929ISS02+00
0.3675824E,,00 0.1jbl7liE.01 9.3675024Eý00 0.9528350F+00
0.303007',F+00 0.12013340.+01 3.3830077E+00 0.9774508+0 0o
0.398956.19+00 1) ;2"16970.njI 0.3989-561E+OC 0.1003069E+01
0.4154426E+00 0 12414'74E+03 0.4154426F+.00 0. ..029806E+ol
0.4324824E+00 0.325949410+01 0.4324824S+00 C'. .0578425'-01
0.45009050+00 0 1276163&AC1 Q.450060rE+00 0.1086955E+01
0.4682.32F+00 0.1297502E+01 0.4682d32E+OC 0.11171fiOF+o1
ti.48707b91+U0 0 1317531E+01 0.4070759E+0(' ':.11485519+01
0.501S4Q50E+00 0.1?338680B01 0.5064845E,00 0.-1178331d.+ol
0.5265253r'+00 0.1,'4'044E+01 0 5265253L+OC0 0,1205868E+01
0.5472147E+00 0.1360664E401 0.54

7
2147E+loo 0.123C379E.01

0.56856399+00 0..13"10469+01 0.5685689F,+00 CO.1263884E+01
0,5906052E+00 0.1389285E+01 0.5906052E+00 0.1294428E,+03
0,61334005.400 0.13S'7223F.01 0 6133402E+00 0.1.- 15750E+01
0.63k,7909E+00 i.1403250E+01 0.63679190-ý00 0. 1333174E030
O.i,609744E.00 0.1409470E+01 0.66097445+00 0.1?'1161E.01
0.6859.84E+00 0.1415886K+01 0.6A590845.00 0 - : ; 6F+.01
0.1 lirJ03r+00 O.142

2
D8(.0I31+O 0.71161f)3E+0.) 0.1388!,23E+03

0.73809BOE0-tI 0 1414444E*01 0.73809C02;00 0.3396184E010
0.7653892Z-00 U. 142GH76F0+01 0.7653893E.00 0. 1404084E03':
0.7193502S5400 0 1429384E402 0.79350255400 0. 1412227E.01
0.8224556E+00 0.1431970540). 0.8224557E+00 0.14206194501
.j8522676E+00 0.14348591. 01 0.9522675E+00 0.3.424089S+01
0.8029572E5.00 -,.1437834K+01 0.8829572F.+c,C 6.1427347E+01
0.91454315+30 0.'II409,000'0'. 0.91454325+00 0 14j0712E40i
0.947045IF0I0 0.1.4l4295U5+0± 0.9470441L.00 ,1..434309E+
0.9ko4820E+00 0.1-4082,6E-,01 0.93048286+00 0. 1437428E+61
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R. THEROT - P. CHAMPIGNY

.Direction de 1'a rodynazique

I INTRODUCTION.

This paper deals with the numerical simulation of a shock -wave turbulent
boundary layer interaction in a tridimensionnal cha.-nel.This calculation has
been performed with the configuration defined in the test case no 2 by the
AGARD working group 13 : 'Air Intakes for High Speed Vehicles'.

This paper shortly describes the numerical method used and presents some
results concerning zhe pitot pressure,static pressure and yaw angle
distributions.

2 NUMERICAL METHOD.

The theoretical model for this study is the compressible Reynolds averaged
Navier-Stokes equations associated with an algebrai' mni ,lg-length type
lurbulence model [11-[3].

The numerical method is characterized by an explicit centered finite
difference scheme associated with a multigrid convergence acceleration.

The equations are discrtlized using a two-step Lax-Wendrcff type
scheme,,the dissipative terms beeing taken into account according to
Thommen's idea [4].

'The method uses an algebraic mixii,--length type turbulence model
developped by Michel et al. [5].

The local time step used in the computation takes into account ihe CFL and
diffusion limitations.

3 BOJNDARY CONDITIONS.

In the upstream boundary of the domain the density,the three components
of the velocity and the total energy Ire imposed at each niesh-point.These
distributions are consiant in the j-direction.As the houndar, layer characteristics
(such as densitv,velocty and energy distributions) were not given ky ihe
cxperiment in the Initial plane X:0. but only In the plane X=3 6 in , a 2D
boundary layer M,, ver 161 has been used to calculate them

On both wedge ,urface and tunnel wail surface a no .,Iip condition IN
applied and the temperature is set al the wall-temperature Tw , 1 I Ti0

On the other ho'indaries of the domain a 0-order extrapollion is made
The flow used in the s.-arting condition is constant ir i-direction and equal to

the upstream flow j- and k--directions.
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4 GRID.

The computational domain extends from X=-0.275 to X=10.725 in.,from
Yg-O. to Yg=7.5 in. and from Z=O. to 7.5 in.

The three families of mesh planes have been defined such 1hat the i-planes
and the k-planes correspond respectively to x-planes and z-planes,and the
k-planes to planes parallel to the wedge surface.Figure I shows the three
families of mesh planes.The number of mesh-points is equal to
41x60x60=147,600.

The mesh is highly stretched in the j- and k-directions near thewedge
surface and the tunnel wall surface for an adequate resolution of the viscous
layer.The mesh size at the wall is equal to 0.55 10.4 in.,whereas the spacing in
the streamwise direction is equal to 0.275 in.,.

5 DESCRIPTION OF THE COMPUTATION.

The CPU time on a CRAY-2 computer is e"ual to 2.7 seconds for one
iteration (that is to say 18.4 .us for one iteration and one mesh-point) .A plotting
accuracy and a three-decade decrease of the residuals are obtained after 6,000
iterations.

6 RESULTS.

Figures 2 to 5 present the static pressure distributions in the plane Z-0.They
show some differences between calculation and experiment, particularly in the
viscous area near the shock.

Figures 6 to 12 present- the pilot pressure distributions in the planes X=3.6
in. and X=7.1 in. There is a rather good agreement between calculation and
experiment except in the laminar part of the boundary layer near the wedb,
surface.

Figures 13 to 15 present the yaw angle distribulions in the pline X=7.1 in.
Here the agreement between cailculation and experiment i,, better though the
yaw angle is difficult to measure and calculate.hceing the quotient of two
velocmies that approache zero near the walls.
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A. CFD Methodology

Applied code - AEDC PARC3D (Version 5.0). Reference
AIAA-90-2002.

Standard ideal gas assumptions

P. D. Thomas type implementation of algebraic Baldwin &
Lomax model. Reference NACA-CR-3147 & AIAA-78-257.

B. Computer Resources

7.75 cpu hours on a CRAY XMP-12

2000 iterations

7 computational blocks each requiring approximately 1.8
megawords of memory. Each block contained approximately
50000 grid points.

C. Boundary Conditions

Inflow plane held fixed to a boundary layer profile
%jenerated from the total pressure profile supplied by AGARD

outflow subsonic static pressure adjusted to match the.
supersonic outflow static pressure. Supersonic outflow
conditions were extrapolated.

Wedge and tunnel side walls were treated as viscous. Tunnel
top and bottom walls were slip surfaces.

D. Convergence

3 orders of magnitude reduction in the L2 norm

Asymptotic convergence of the PTOTAL plots along surfaces of
interest

E. Calculation Integrity Checks

No global mass conservation checks were performed.

F. Experience/Difficulties

Results exhibited sensitivity to grid packing/cell aspect
ratio in the boundary layer.

Cell Reynolds nu.aber scaling was applied to artificia2
viscosity coefficients.

A solutions was generated for this test case usina the AEDC PARC
code. A single grid with dimensions of 83 x 71 x 67 covered the entire
flow domain. Due to limited in-core memory, the flow domain was
decomposed into seven nearly equal subdomains. Communications between
subdomains i- I.andled automatically by the PARC code. The upstream
inflow boundary was held fixed using turbulent layer information
provided in the initial information package. The surface of the wedge
was modeled as a slip surface, while the tunnel side wall was a no-slip
surface. Additional information on the code and solutions may be
obtained by contacting either Kyle Cooper (615) 454, 5821 cr Jim
Sirbaugh (615) 454-3478.
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Three-Pimensional Viscous Flow Co4utations of High Area Ratio

Nozzles for Hypersonin Propulsion

D.R. Reddy* and G.J. Harloff** -1
Sverdrup Techr.-Dlogy Inc., NASA Lewis Research Center Group

Cleveland, Ohio ]

Abstract .

The PARC3D code was selected by the authors to analyze a variety

of complex and high speed flow configurations. Geometries

considered for code validation include ramps Pnd corner flows which

ars characteristic cl inlets and nozzles. Flows with Mach numbers

of 3 to 14 were studied. Bcth two.- and three-dimensional

experimental data for shock-boundary layer interaction were

considered to validate the code. A detailed comparison of various

flow paraLeters with available experimental data is presented,

agreement between the solutions and the experimental data in terms

of pitot pressure profiles, yaw angle distributions, static

pressures and skin friction is found to be very good. In addition,

two and three-dimarnsional flow calculations were perforited for a

hypersonic nozzle. Comparison of the gall pressure results with the

publIshed r-,lutions is made for the two-dimensional case.

*Su'-ervisor, Turbomachir;ry Analysis Section, Member AIAA.

**Sexiior Staff Sciertist, Associate Fello. A1AA.



Introduction

Accurate evaluation of nozzle performance is essential in

hypersonic propulsion because the net thrust is very sensitiv, to

nozzle performance. Highly integrated fuselage/nozzle

configurations may experience complex interactions of shodks,

turbulent mixing, differing levels of under/over expansion, and

Iissibly boundary layer separation. A numerical method has been

selected and used to examine the flow phenomena mentioned above.

The. model is calibrated herein using available experimental data

in two and three dimensions.

The PARC3D code, selected by the authcrs for this study, solves

the full, three-dimensional, Reynolds-averaged Navier-Stokes

. quations in strong coA..7..rvation form with the Beam and Warming

approximate factorization algorithm. The implicit scheme uses

central differencing for a curvilinear set of coordinates. The code

was originally developed as AIR3D by Pulliam and Steger2 ; Pulliarp

later added the Jameson4 artificial dissipation and called the code

ARC3V.

Cooper adapted the ARC3D code for intern&! propulsion applications

and named the code PARC3D. Cooper e.t. al.' applied a two

dimensional version of PARC to a trumpet and a conical nozzle with

a throat Reynolds number of 12,000. The ground-tested nozzles had



expansion ratios of 362 and 400, and exhausted into low pr issures

of 3.8 x 10- to 6.2 x 10s psia. They concluded-that the PARC code

provided reasonable flowfislds for the cares studied.

In order to gain confid. 'ce with the 1ARC3D code for high sr-ed

applications, some shock-boundary layer experimantal data and a

published nozzle flowfield results were selected in the present

study for code validation. Both two and ý;nree-dimensional

experimental data for shock-boundary layer interaction were

considered; a detailed comparisor .ýf various flow parameters is

presented. In addition, two and three-dimensional flow calcu.ations

were performed for a hyper&onic nozzle. Comparison of the wall

pressure resuits with the published solutions were made for the

two-dimensional case; the soluticns agree very well with the

experimental data for the shock-boundary layer interaction cases

and with other numerical solv~tions for the hypersonic nozzle

configurat1on.

Previots Studies

Shock-Boundary Layer Interaction

Mdny researchers h&ve studied two and three-dimensional shock

boundary layer interactions in the past, For example, Visbal8

evaluated the Baldwin-Lomax turbulence model for a two-dimensional

Mach 3 compression corner with a Reynolds-averaged Navier-Stokes



computer program. He examined attached and separated flows and

concluded that some of the constants in the outer formulation of

the Baldwin-Lomax model are dependent on the flow Mach number.

Horstman7 presented experimental and theoretical three-dimensional

solutions for a family of fin-induced shock wave turbulent boundary

layer interactions with separated flow at Macb number 2.94 with fin

angles from 10 to 20 degrees; he used the MacCormack explicit

second order predictor-corrector finite volume method. Knightl' 9 used

a hybrid explicit-implicit method to solve the three-dimensional

sharp fin interaction at Mach 3 with a wedge angle of 10 degrees.

Lawrence et. aY.1° presented an upwind scheme for parabolized

Navier-Stokes equations and calculated the 7lowfields for a 15

degree compression corner and a hypersonic inlet.

Anderson nd Benson1 studied three-dimensional shock boundary layer

interactions in calibrating a single sweep space marching code,

PEPSIS. They showed good comparisons for the Oskom et. al.12 three-

dimensional shock boundary layer configuration.

Holden and MosclP13 studied experimentally several two-dimensional

ramp configurations in hypersonic flow. Hung and MacCormack"•, as

well as Lawrence and Tannehill1 0 have previously computed the

flowfield for a few of Holden and Moselle'S1 3 ramp configurations.

.,-.-,,.-. t~~r t~ W.... - - -



A74

Nozzles

Dash et. al.15 presented a parabolized Navier-Stokes nozzle

capability in two and three-uimensions to calculate mixed super and

subsonic.. flows. Pressure-split and sublayer approximations were

used to obtain solutions by spatial marching. A method of

characteristics study by Lewis'6 examined a cutoff nozzle to

investigate the effect of internal to external expansion on thrust-

vectored lift of asymmetric nozzles with a truncated lower cowl.

Code Validation

In order to assess the capability of the PARC3D code in simulating

the interaction phenomena characteristie- of hypersonic nozzle flow,

some shock-boundary layer experimental data and a published nozzle

flowfield study were selected for comparison. Both two and three-

dimensional shock-boundary layer interaction experimental data were

considered. Two sets of data were examined, the three-dimensional

flowfields of Oskam, Vas, and Bogdonoff" at Mach 2.94, and the two-

dimensional flow of Holden and Moselle'5 at Mach 14.1.

L/
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Results and Discussion

Three-Dimensional Shock-Boundary Layer Calculations at Mach 2.94

Figure 1 shows the schematic of the experimental three-dimensional

configuration from. reference 12. The details of the experimental

rake locations can be found in references 11 and 12. The data

measured include yaw angle as well as static and pitot pressure

profiles. in the experimental setup, the wedge was mounted olf the

wall to avoid the wall boundary layer at the leading edge cf the

wedge; however, the boundary layer on the side wall(Z=Q), was

undisturbed in the entry plane. The wedge angle was 10 degrees as

shown in Figure 1. Tht freeLtream Mach number was 2.94, atv, the

Reynolds number, based on win,' tunnel test section height :,'. in

or 20.32 cm.) and total conditions, was 58.9 x 10.-

The computational grid used in this study was 121 x 81 x 4'. To

assess grid resolution effects on the solution, a finer me'4n of

121 x 101 x 61 was also used. Symmetry was assumed ir the

transverse Z direction in the computations. In these computat ons,

a small flow angularity in the Y .. rection, up to a maximum of 1

degree, was specified to account for the normal velocity due to the

boundary layer growth upstream of tho wedge.

Plots of static pressure rake surveys are shown in Figure 2-a tor

- - ___



the ccarse grid case, for the rake location of 5.1 in, (12.95 cm.)

and for different distances from the weage, YG (see Figure 1).

Reasonable agreement of the solutions with the experimental data

can be seen from the comparison. The corresponding fine grid

solution is shown in Figure 2-b. As expected, the agreement

between the solution and the data improves with the finer grid,

especially near thu wall. Yaw angle distributions for rake

locations of 5.1 and 7.1 in. (12.95 and 18.03 cm.) are shown in

Figures 3-a and 4-a for the coarse grid. Good agreement is also

evident for the yaw angles. In the near wall re-ion, the finer

grid results show much better agreement as shown in Figures 3-b and

4-b respectively. Note that tha 20 degree variation of yaw angles

through the sidewall boundary layer is well predicted by the

theory. Pitot pressures, presented as the ratio of local pitot

pressure 4- t*e freesLieam pitct pressure, through the boundary

layer at rake locations of 5.1 and 7.1 in. (12.95 and 18.03 cm.)

are presented for .he coarse arid case in Figures 5-a and 6-a. the

computed and experimental pitot pressure values agree well i--, the

outer portion of the boundary layer, farther than 0.25 ir 0.63

cm.) from the wall. The fine grid results presented in Fi 'ires 5-

b and 6-b show much better agreement near the wall than tne coarse

grid results. Additional grid refinement in the sho,-r-ooundary

layer interaction region away from the wall should furt :er 'I:.prove

the comparison. Studies involving different amounts .f a :1.ificial

viscosity were performed with little effect on the result~s.
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Two-Dimensional Shock-Boundary Layer Interaction at Mach 14

The two-dimensional experimental data of Holden and Moselle13 at

Mach 14 were used as a hypersonic test case. The leading edge flat

plate wai 1.44 ft. (43.8q cm.) long, the ramp angle 18 degrees, •

the ramp length 1.14 ft. (34.75 cm.). The Reynolds number per foot

based on total conditions was 22.2 x 10P. The computational grid

used in the present study was 399 x 99.

The predicted surface pressure coefficient is shown in Figure J'

compared to the test data;' good agreement is evident from the

comparison. The flow was assumed to be laminar in these

calculations. The skin friction distribution along the ramp surface

is shown in Figure 8; the agreement with experimental data is very

good: Note that a small region of reversed flow, just upstream of

the ramp corner, can be seen from the negat'.ve skin friction values

in Figure 8

Nozzle Flowfield CalculaLions

Geometry

The three-diimensional nozzle is shown schematically ,n Figuire 9

(fs-on Spr;:d] yet. 3]..* The nozzle length is six entrance nozzle

s-
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heights and the upper wall is linear with a 20 degree slope., The

lower splitter length is thvree. The lower wall is horizontal up

Sone nozzle height where the wall expands at a six degree angle

(see Figure 9). The 2-D geometry expressions were taken from ref.

19, and the 3-D geometry considered for the computations was taken

from ref. 18. Note that the aft portion of the nozzles differs

from that nf ref. 19.

Two-Dimensional Flowfield Calculations

Two dimensional nozzle flowfield calculatio-s are presented for the

nozzle analyzed by Spradley et. al.o8 . The same region of flow that

was analyzed by Spradley et. al. is analyzed here, i.e., to six

nozzle entrance heights in the flow direction. The grid used in

the present computation was 199 x 99.

The nozzle entrance flow was assumed to be uniform. The ratio of

specific heats was 1.27 for both streams. The nozzle entrance

veircity was 1610 m/sec, the s+.atic pressure 9206.3 Pa, the static

temperature 2311 deg. K, and the Mach number 1.657. The

corresponding freestream values were 1765 m/sec, 506.2 Pa, 261 deg

K, and 5.0, respectively' 8. The upper iall c.tatic prass'ures are

sMoun in Figure 10. Also showy) in the tig-ure -e valueL from the

GIN code, the Seagull code, and a method of characteistics code

(MiJC). e pressures near the no:zzle entrance are in agreement
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with the GIM results, and are higher i- the aft region. The

invisoid results of Seagull and MOC lie t .cween the current viscous

solution and the GIM solution in this • 4ion.

The predicted flowfield is presented in terms of Mach number,

static pressure, total pressures contours, and velocity vectors in

Figures 11 to 14, respectively. The contact surface between the

nozzle flow and the freestream is evident in the total pressure

contour plot. The corresponding variatx-on in the Mlach i:

shown in the Mach number contours. Note that the jet is deflected

downward, as shown in the velocity vectors, indicating th;.t thc'

nozzle flow is underexpanded.

Ii

Three-Dimensional Nozzle Flowfield Cal-ulations

The 3-D geometry is simil"- to the 2-D geometry Ln that the lower

cowl has a 6-degree expansion and a 20-dejrL-• upper wa_ 1. The outer

nozzle wall expands by 6 degrees.

'he following boundary conditions were used-

1) no slip on all walls, adiabatic wala temperaturc (no slip wa•

specified all along the top s--:face)

?) freegtream boundary at Z - 6 (out boL .dary Z dircZtion)

3) freestream boundary at Y - •3 (lower boun,. ry -i Y direction)

-.-.
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4) extrapolated conditions at the exit

5) symmetry at Z = 0 (inner boundary in Z directiona)

The sare nozzle entrance and freestream conditions as those of the

2-D configuration are used here. The computational grid used for

this configuration was ill x 61 x 51.

The flowfield is presented in terms ot Mach and static pressure

contours in Figures 15 to 18, at planes Z = 0.473 and 1.C6 nozzle

heights, respectively. The nozzle width is one nozzle height. The

0.473 plane is close to the nozzle center and the 1.06 plane is

just outside the nozzle. The canter plane flowfield is similar to

the 2-dfmensional flowfield presenteo in Figures 11 and U,. The

1.06 plane shows t e effect of the side relief on the flowfield.

Surmari-

The PARC3D code has bee-, validated for a variety of complex and

high sýpeed flow ccnfigurations. The results were col:pared with

experimental data where nossible with very good aaieement and.

reveal that the code can handle a wide variety of geometries,

.includini ramps and corner rlows characteristic of inlets and

nozzles Eiows witth Mach numbers of 3 t,: 14 were studied; phenomena

of shock-bou.ida y layer interaction and shes• layer mixing were

considered, Tiý:is. this str.ly demonstrates the capability of the

PAniC code to ana_'v, three-dinaensýonal -.. cous flows through high



A81

spewd propulsion components of practical 4-•._est.
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Thomas J. Beson
National Aeronautics and Space Administration

Lewis Research Center
Cleveland, Ohio 44135

A three-dimensional supersio, Parabolized Navier-Stokes code has been usea to
investigate the glancing shock,,toundary layer interact on of Oskan., Vas and Bogdonoff..
Parametric studies of grid resolution, boundary conditions, and turbulence modeling
have b= conducted, although the results presented here represent the best of these
calctuations. The results indicate a significant three dimensional effect exists for this
simple two dimensional geomery. The comparison with experinental data is quite good,
if sufficient grid resolkaion is used.

The threc-dimensionma supersoiic viscous marching analysis used in this study is the
P}2•SIS code. The code volves the PNS equations for supersonic flow by an efficient
Brilcy-Mctoadld, linearized block implict scheme. The co&. soL 1s for the flowfield in
a singie sweep, cmn be -tun with a variety of turbulence rnodelt, in either two or three.
dimensional mode. and can ei thel solve die ekiergy equatior, or impose constant
stagnation enthalpy. The two dimensional result presented in the enclosed figurs was
run on a CRAY-IS at the Lewis Research Center on a 6lX4lX20. grid with cuostant
stagnation enthalpy imposed. Each flo.-, cortrputtien ,vquired about 25 minutes of CPU
time with much more time used to refine grids, post process results, etc. The ttubulence
model used in this calculation is the standawd McDonald-Camarata mixing leng*tl model
The. calculation was started with uniform free stream conditions and a turbulent boundary
layer profile on the wall as specified in the report. This case was run fully turbulent. The
grid generatexl for this case was an orthogonal-curvelinear grid whicn fillets the sharp
leadinig edge of the wedge.

While providing comparisons with the experimental i-eslusts, we have included an
additional particle trcing plot of this interaction to demonstrate some of the power of
CFD in visualizing and understanding complex three-dimensional flow problems. In this
figure, particles are released upst-resa of the wedge leading edge and in a line normal to
wall. Those particles released closest to the wedge are sees. to be splayed out and
dispersed over the entire plate downstream. Those that are released far from the wedge,
but low in the boundary layer, are swept up and spread by the cross flow. Those that are
rzleased far from the wed n.* but out of the boundary layer rise up and over the cross flow
and are turned by the inviscid shock wave.
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ABSTRACT

This report details the evaluation of RANSAC (a Reynolds
averaged Navier-Stokes afterbody code, developed by the CFD
group at Sowerby Research Centre. British Aerospace) on two
flows through a single geometry, circular cross section,
-- shapoe diffuser. Results are compared with experiment
wherever poesible and it is shown that agreen~ent is good for
the Mach 0.412 case and less quantitative for the Mach 0.794
case. For both flows the qualitative characteristics are
predicted well. It is thought that much of the discrepancy
is due to the coarseness of the computational mesh.

1. Introduction

The CFD group at the Sowerby Research Centre, British
Asrosp&ce has developed a three dimensicnal, finit volume,
Reynolds averaged Navier-Stokes afterbody code (RANSAC).
Originally designed for use with afterbodies and jet3 it is
sufficiently general to model most aerodynamic flows. Two
different mass flow rates through a single geometry diffuser
were studied :

1) AGARD test case 3.1/3537
Inflow Mach number (at onset of s-bend) = 0.412

2) AGARD test case 3.2/3532
Inflow Mach number (at onset of s-bend) = 0,794

For brevity these cases will be refered to as 'slow' and
'fast' respectively.
All calculations have been performed on the British
Aerospace CRAY-YMP.

2. The Model and Conditions Considered.

The model consists of an s-sectioned diffuser of circular
cros-section with a cowl lip and a forward parellel
extension at inlet and a 'bullet' shaped insert at the
engine face (outlet). In order to simplify calculations and
to reduce the required run times, the geometry modelled
consisted of only the s-sectioned diffuser with the engine
bullet. The symmetry of the duct rendered it necessary to
model only half the full three dimensional configuration.
All geometry specifications were taken from C 1 ], due to
apparent errors with the data stored on magnetic tape,
reference ( 2 1.
Inlet conditi.,,s required by the code are static pressure,
static temperature, the three components of velocity and the
turbulent energy all across the en~tire inlet plane. Inlet



r ~conditions were therfore est~mate'i by bsE"iming a constant
total .pressurt'ý thus giving static cordzitions at the onset of

[ the 5-bend. These conditions v~re then assumed conlstanft over
the inlet plane and the boundary conditions adopted within
the code were allowed to alte~r these values as downstream
conditions dictated. Vull potential plus boundary layer
calculations (supplied by Dr.. L. Goldsmith of ARA)
demonstrated little velocity variation or deviation from the
parellel aCross the pane concerned and thus the inlet
conditions adopted were deemed sufficient.

3. Grid Generation

Initial grids generated were 70 x 12 x 12 cells (axial,
radial,circumferential) and included the for4ard extension
pipe and a crude representation of the cowl lip. It was
clear however that in order to-accuratly model the flow over
the cowl lip and through the forward extension a lerge aigea
surrounding the lip needed to be includb In the
computational domain. As this would necessitate the use of a
large numbasr of cells and consequently greatly increase- the
computer effort required, the cowl lip and forward extensi~ors
models were abandoned and the mesh begun at the onset of
the s-bend.
A limited grid deperndancy study was carried out eventually
arriv-.ng at a single grid for both the fast and slow
calculations. It consists of 80 x 24 x 22 cells
(axial, circumferential, radial).

4. Run Times

Test case :3.1/3537 (slow)
Cray CPU :16,544 se-conds
Case :100 global iterations, turbulent, isenthalpic.

Test case 3.2/3532 (fast)
Cray CPU 16,500 seconds
Case 100 global iterations, turbulent, isenthalpic.

5. References.

1. 'Pitot Intake Model 2129 (RIO); Calculation of inlet
Losses'

BAe Aircraft Group Report B59R/R&D/620/i2893
D.C Greenman, June 1983.

2. 'Magnetic Tape containing diffuser geometry .Iata'

Dr. N.C. Bissinger, MBB, August 1989.
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ABSTRACT

This papcr outlin~es the basic algarithm implemented within the Reynolds Averaged Navier-

Stokes code RANSAC. The algorithm is a three dimensional, cell centred, finite volume,

implicit, pressure correction method. The pressure correction procedure is taken from that

oýC.M. Rhie (Ref.i,. RANSAC uses a multiblock input geometry wheieby the flow field is

split into many simple bioc!s' to enable the modelling of complex designs and a multigrid

solver is available for use with the pressure equations. This paper will detail the basic flow

field equations, the differencing scheme, the pressure correction procedure, the treatment of

boundary conditions and the dissipation type.
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THE FLOW FIELD EQU ATIO•NS

The Reynolds Averaged Navier.Stokes equations can be written in the form:

CONTINUITY

- (pu.) = 0

MOMENTUM

.ul + u (1.2)
(puui) = a- + pt)- + SP

ENERGY

a pH SH 01.3)
S(Pu H )x Pr A

The Standard k-c model of I.Uunder & Spalding IRef ^) gives equadions for -he turbulent

energy k and the turbulent dissipation E as

6 • •, ~1k 114)

(pu~k) i Sk

dx J dx tk ox1

d JP IS

a (P Ur) d SC
S dx o dxlod i

ax J- If

The abo-e five sets of equations may all be written in the form of a general transport

equation:

• ~~~( U:•aa S*--
ax. a . (

I J .

for th~e dependant variable tp and the cor esponding non-linear source term SO

The general transport equation (1 .61 can be written ir ýomputptiona' coordinates f,.r' as

- p p{ ,{ q, PCG.)I1 1 7)

Ma ai + IrJaJ + S I + SIP= I Jr dEt +1 3ýý 14



• !•i AI1 "-

where J is the Jacobian of the transformation.

The -ource term S incorporates all the non-normal diffusive fluxes through the faces:

S = Jr~ ~J~+ {jr5,4',j, + {r 2 18

+ ak ,,+ {1j"'t3 ~J + fjP3ý (1

The general transport equation can then be integrated over each finite volume. The

resulting equation is a form of difference equation which may be linearised and solved by

application ofa suitable differencing scheme.

2 THE DIFFERENCIN.G CHEME

In terms of the linearised coe.ificl-nts the general transport equation 1 6) becomes

AP4p = Ald2 + A 4, , + A.V ,, + A. s -- A.-2 1}

•+ A8b 1_ IS er + SIIjume

where A, are the influence coefficients at cell centres (E -: East cell, W = West celi,

etc)

T)e .... erenciag scheme applied is termed the 'hybrid' difference, whereby cenira!

diff*.rences are tak.•n for slow flows aihd upwinding is ensured for fast flows The i.dfluence

coefficients are defined As follows.

Aw = may. IF•,ý,Dw +t/-2F,.O)

AE =Max {-b11, D. -.";2 F,, 0)
AN max {.Fi, N -1/2 Fn, O(

AS = mx I"l, D, + 112 F, O[

AT max {F 0,Do- i.F,0O

A r =nax tFd, + 1-"b, 0)

Ap " .E - A\-Vt\ i Nq ,AS + \T + Al

where lowert case subscripts refer to :.il. faces,

uppe.r cose sub.- -rips i ,:fer ti c.)l ceiares,
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.F is the convective flux and

D is the diffusive flux

Ar over relaxed red-black (ORBR) matrix solver is used to solve for the devendant variable.

-3 TH RESSURE CORRECTION TECHNIQUE

After obtaining solutions to the momentum equations (tbe 3 components of velocity) it is

necessary to sati ;fy conservation of mass Ilow (the continuity equation). This is achieved by

means of the pressure correction procedure due to C.M. Rhie (Ref-1) and -is detailed in

Mackenzie (Ref.3). It serves to update the pressure density and velocity fields in such a

manner thet ccntinuity is satisfied

The correction to the pressure density and velocity is found by pErturbation. For step one:

PNFW PO[.D P

PNF POL . p' (3 1)

UINEW = Uiot.D I,- li

The pressure and density updates are linked via the ideal gas equation such that:

S' -(3.2)
yRT

M.Vackenzie (Ref.3) details the derivation of the velocity at the centre ofa cell (P as:

1V .. z 1 _ V- ... + . P3+3-
SA W A p p A A P

P P P P P

with similar expressions for u_, u3p, the other components of velocity.

The continuity error (the difference in mass flux entering and leaving the cell) may then De

expressed in terms of p'. PV assuLiling for a first approximation that all cross derivatives of

the pressure perturbatiun are negligible and that

.46 ( 341

Ih AP



the resulting ,,quation may then be converted into the general transport format of I.61. It

can then be solved in a like manner to those of momentum.

The second pressure cortection takes account of non-zero cross derivatives of the pressure

perturbation (arising from grid tion-orthogonalities).

P NEW = POLO + p*+ p" (3.5)

By assuming that cross derivatives of the second pressure perturbation are negligible and

that:

6 A " + *" 0 (3.6)

-- A

JI P

then again the resulting equation may be e:xpressed in the general transport format of (1 16

and solved as for the first pressure correction.

The third pressure step allows for the effect of the velocity variations on the fals how 1ield

PNEW =7 POLO -ý P' " P"' + P... 13 7)

A. in previous pressure steps it is assumed that cross derivatives of the second and third

pressure perturbations are negligible and that:

11- 0 (3.81,i

Again the resulting equation can be expressed in the form of,' 1 6) and solved as in previous

pressure steps.

4 THE TREATMENT OF BOUNDARY CONDITIONS

There are four types of boundary condition considered within th. code:

(1) Solid surface

(2) Far field (free stream)

13) Symmetry plane

(4) Inflow/Outflow



OnsoWi surfaces the velogity is siet to zMio an ec hecnctv 4nd diffusive fluxes al~e.

while a zero pressure gradient iis enforciA between the cell cenize and the surface (far Which

it. is assumed that the first cell~lies witiint the boir~dary layer). A w~2function is introduced

to deal with the turbulentt quantities in thý reva waif region (where the k-c turbulence modexle

breaks down). The runcuon adopted is based on a one dimensional Couette flow assmp.o

which i rn"14s a constant shear stress and no streamwise presstwe g'ndicVnt in the near wall

regon (where the k-z turbulence model breaks down).

Far field require a fixed pressure and a zero normal gradient for all other flow variables.

Symmetry planes force a zero normal gradient on the dependant variable 4ý

Inflows arid outflows are treated zas imtropy conserving Riernann invariants except for

supersonic in~flows where all static conditions are specified Each individual cell is

interrogated to det~rmine its sta~e (inflow or outtlow, sub or supersonic) in order to allow

'variativns across these pianes

All boundary conainons are implemented by the use of halo cells These halo cells are

interrally genierateda.nd surroud the entire working domain

On interblock boundaries N) e~plica tbondary cordition is applied The .alo va~ves are

accessed as real calls but are not u~rdated in the ru'-mral process Of the. solution

5 DISSIPATION

In order to stabilise the pressure -_oiver a rourth order explicit dissipation term is included

This term takes the form.

F P ~ P P

and serves as a flux corrector creating a non-linear feedback between the linearised flux and
the pressure gradient. SimilL,r expressions exist for Dwss:2 DI etc
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THliE MkI.,TIBLOCK CONCE-Pi

Multiblocking is a procedure to enable the modelling of complex geometries without the

need of large in-core memory A large, complex domain is split into smaller and simpler

blocks, the flow through each being solved separately. Communication bctween the blocks is

aciieted via the 'halo' cells (the virtual cells which surround the entire block). Values in the

hao , arls nce detatwariaed by the boundary conditions. On interblock boundaries the values

nut ioco the halo cels c-re oimply the valuew ik the real cells (of adjoining blocks) whiih they

overlap. The sw!iiCon procedurt is thus:

(a) Read block one into core memory.

(b) Set up halo cell values

(C) Solve for momentum, pressure, energy anri .rbulence.

(d) Put update.e block one values into storage

(eC Feed block two data into core memory

i I') Set up halo cell values (accessing upwated block one)

(g) Solve for momeittum, presmure, energy and turbulenie.

(h) etc.

This is repeated for each bluck in turn until all biocks have con-'erged

7 RELA.ATION TECHNiUES

Two types of relaxation are implemented within RANSAC. a relaxation during the rratrix

inversion and on inertial relaxation on the dependant variable
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7.1 MATRIX INVERSION

An over relaxed black red (ORBR) matrix inverter has been adopted within the code.

+P NEW : + {P 01D + A- S~P

Where 0 is the relbxition parameter.

Values of 0 = 1.2 have been used on the momentum equations while for presipure and

turbulent quantities Q = 1.0.

7.2 INTERIAL RELAXATION

This process involves under relaxing the dependant variable by the addition of artificial

inertiai

A = a 31ZýNW A, <P, -t- S4' + o I )P OL..DA (I +- oi.~ Yp.•EW 2A4± +0

It has the effect of ?ncreasing diagonal dominance and thus damping any arge transient

changes.

V.3us ofol = 0(8 have been used for .he momentuum and energy equations. a, - 0 5 for the

pressure equations and al - 00 foý he turbulknt qua-', ties

8 MULTIGRID TECH\NIQUE

A nm :{igrid acceleration procedure has Seen implemented within RANSAC for use with the

pnsure correction equations. The ,iultigrid procedure is to solve the residual equation on a

coarse (redi,-ed) grid where it is cheap to compute. The errors are then interpolated back up

to the iine grid wnere they are used to correct the solution

Best results are obtained for 'slow' flows where there is no strong preferred direction but

.peedups of up to b have been achieved for 'realistic' flows



9 COQN V ERGE NC E

There are two areas where 'convergence' has to be obtained in the matrix invertr itself and

globally for each block. For the mnTmentutn, energy and turbulent equations the matrix

inverter (ORBR) iterates until the sum of all the normalised residuals of each -eil falls below

an externally specified degree (usually 10-10). For the pressure equatio.-s this was

considered too strict (in most cases) and instead. (, 'verter iterates until the sum of the

norfalised residuals on each ceil falls below .son we. (iusually = 0.3) of the residual at

the onset of the inversion.

Globally, convergence is obtainedý when the residual for each equation solved (momentum,

energy, continuity, turbulence) for every block falls below the exe.llally specified value of

10-10.
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APPENDIX A: NOMENCLATURE

A, influence coefficient for c• Ilfaces (i = e, w, n, s, t, b) orcell centres (i E,W, N,S,

T. B)

Bj, grouping Constant made up oe" Cell face areas and metric coefficients

multiplying dp/dt

(*' grouping consta.t mad up of ce,' face areas and metric coefficients multiplying

dp/dq

Dui grouping constant made up of cell face areas and metric coefficients multiplying

dpidý

D I-S pressure based disipation

D, diffusive flux through a cell face (i = e, w, n, s. t, b"

F, coi-ective flux through a cell f3ce u e. w. n, s. t, b)

GI)Jk•xt uj + EX',xz + C'"X:.ýusl

U2  .i{( 1MIUI + q,..) u - l', u

G3 . U( x I t I XU X(3 U 31'

F, pressure

p* first pressure update

p ., secor'd pressure update

p". third pressure update

K Cas constant (287 06 for a'r)

T absolute temperature

H enthalpy
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NOMENCLATURE (continued)

Pr Prandtl number

S4* general source term for variable 4)

ui velocity component

(a•Xt)2 + (ýX2 )2 + -x3)2

02 qxt )2 + (Qx2 )2 + (nx 3 )2

Q3 ýxl )2 + (4 X2 )2 + (4x 3 )2

03t -x, n.I + x2 qX2 - -x3 qx3

P3,' xix 4xI ý x2, 4., + ý,x3 ý3

a Ratio of specific heats Cp/Cv

p density

p lamninr ,,,scosity

Pt turbulent viscosity

k ,urbu~ent kinetic energy

turbulent dissipation

ok Effective Prandtl numl'er for turbulent energy

OE Effective Prandtl number fur turbulent dissioation
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ENGINE FACE, TOTAL PRESSURES

CONTOURS OF Pt/PtO (delta = 0.01)

TEST CASE 3.2/3637 (SLOW)

STARBOARD

BOTTOM TOP

Computed (RANSAC) Experimental

PORT

ENGINE FACE TOTAL PRESSURES

CONTO-URS OF Pt/Pto (delta = 0.01)

TEST CASE 3.1/3632 (FAST)

ATARW'n ARD

BOTTOM TOP

Computed (RANSAC) Experimental

PORT
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THE COMPUTATIONAL GRIDu

No. of Axial Cefla 81

No. of Radial Cells 206

No. of Circumferentialw

Celils = 22

COMPUTED DISTORTION COEFFICIENTS

TEST CASE PR (Non-weighted) PR (weighted) PEF DCA60 DH

FAST 0.887809 0.89000 0,757 -0.417 0.286

SLOW U.967213 0.96822 0.926 -i,724 0.082

EXrKRIMENTAL DISTORTION COEFFICIENTS :

TEST CASE PR (Non-weighted) PR (weighted) PEF DCA60 DH

FAST 0.92798 0.725 -0.398 0.198

SLOW ------ 0.98974 0.922 -0.226 0.041

C-0MIPUnlD MuSS 7.... ,-.,

TEST CASE MASS FLOW (Kg/s)

FAST 2.408

SLOW 1.481

4J
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O.Q~4 VCompf;ttd (RANSA01

0.96

pt/,>to BOUNDARY TOTAL PRESSURES

0.854 TEST CASE 3.1/3532 (FAST)

_.0.81- -(STARBOARD RAKE)

0.7 L
(T3 5T = 0.072 m}

'•-G0.05 0.1

l•_--• l•0tance from ),t2Di4aef a

SCONVERGENCE HISTORIES

STES1 CASE 3.±13532 (FASTI -: TEST :ASE 3.:1/3532 (FAZT)

V\
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ENGINE FACE 8TATIC PRESSURES

TEST CASE 3.1/3532 (FAST)

0.8 1
0.776

P/ptO \
•- -

0.725 - / -.

S"•. xperlmuntgi

"0.726

0 45 90 135 180 225 270 316 360

Circu-9'erenxal Position (degrees)

1.15 • - . ....

Comn.uted ,2ANSAC)

1.05 OUNDARY TOTAL PRESSURES

TEST CASE 3.1/3532 (FAST)

pt/to L (BOTTOM RAKE)

K /
0.95

Si I8owarbv r.aeerch Centre

0.86 -British Aerospace

0 0.02 0.04 ),06 0.08 0.1 0.12 0.14 0.18 0.18 C.2

Distance from wal/Ret
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"STATIC WALL PRESSURES ALONG DUCT

TEST CASE 3.1/3632 (FAST)
0.9 (PORT WALL)

C~r1lot~d (RV4N8AO)
0.8

pt/ptO 0.7 . /.

0.8 ExpsrtATontat

0.6

0.4

0.3 LJ I I ____-_
0 0.5 1 1.6 2 25 3 3.5 4

D~Astance x/Drnax

STATIC WALL PRESSURES ALONG DUCT

TEST CASE 3.1/3532 (FAST)

(STARBOARD WALL)

0.8 SCompul,.:i (R ANSAC) •_/'_

0.6 /

0.4

0.3 L . I ____.

0 0.5 1 1.5 2 2.6 3 .6 4

D!atat~c* x/Dmax
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STATIC WALL PRESSURES ALONG DUCT

TEST CASE 3.1/3532 (FAST)
0.0( TOP & BOTTOM WALLS )

0.8
Computed (RANSAC)

0.7
-IS pt/p•,0

0.6 !
Expearment&I (Too & Bcttom)

0.4

0 0.6 1 1.5 2 2.5 3 3.5 4

OlD•anc, x/Dmax

ENGINE VACE .'IRCUNFERENTIAL FLOW ANGLES

TEST CASE 3.1/3532 (FAST)

20 ....

161/

14 K Ca;ute6 (RANoACi

12H

/ -k

•/-
L-L

0 90 190 270 360
SCi~oJ~Cmutntat* '•o1tiPIotn~ loivegr1as
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1.0

Experimental (Top & Bottom)

0.9 7
0.8 

Computed (RANSAC)

0.7

pt/ptO

0.6

0.6 STATIC WALL PRESSURES ALONG DUCT

TEST CASE 3.2/3637 (SLOW)

0.4
(TOP & BOTTOM WALLS)

0.3 L J I I
0 0.6 1 1.6 2 2.5 3 3.6 4

Distance x/Dmax

1.0

0.9 _ . ..- --

0.81

0.7 I

pt/pto

0.6

0.6 STATIC WALL PRESGURES ALONG DUCT

TEST CASE 3.2/">637 (SLOW)

0.4

(PORT WALL)

0.3 . L - _.

0 0.6 1 ..5 ,6 3 3.6 4

Distanoe x/Dmar,
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'•. 1.01.0 Experimental

0.9

Comp4uted (RANSAO) i

0.8

0.7

pt/ptO'

STATIC WALL PRESSURES ALONG DUCT
0.5

TEST CASE 3.2/3637 (SLOW)

o (STARBOARD WALL)

0 .3 " I I I

0 0.5 1 1.5 2 2.5 3 3.5 4

Distance x/Dmax

ENGINE FACE STATIC PRESSURES

TEST CASE 3.2/3537 (SLOW)

1.00 F

0.98 -

p/ptO K
0.94

0.94
C, omnutsd (RANSAC) Expr, Imental

0.92 -

0 45 90 135 180 226 2TO 316 380
S~cltcumftwentwd Powdtlon idssegal
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ENGINE FACE CIRCUMFERENTIAL FLOW ANGLES

TEST CASE 3.2/3537 (SLOW)

20

18

14

12

II! '

0

-2

-4

090 i 270 360
Circumferential Position (degrees)
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0.9
Conutod (RANSAC) BOUNDARY TOTAL PRESSURES

pt/pto
o.856 FTEST CASE 3.2/3637 (SLOW)

(STARBOARD RAKE)

0.8

0.758 ( (Ref 0.07e2 mtf~ai

0.7 [ L .Li
0 0.026 0.86 0.076 0.1

Distance from wall/rof

0.96

S•" / '" Computed (RANBAC)
..- o (BOUNDARY 

TOTAL PRESSURES
0.9

TEST CASE 3.2/3637 (SLOW)

pt/pt0 0.856 (BOTTOM RAKE)

0.8

(Ref I 0.0762 msttus

0.758

0.7 r
0 0.026 0.06 0.07 0.1

ftetavlo* from w*4l/Rsf
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Contribution of DORNMER to the'Tesi Oise 3

M. 1.6tzerich. F. Magagnato

Introduction

I he computations for thc test cases has been carried out using Dornier's 31) blockstruc-

tured Navier-Stokcs-codc Ikarti~s. The Pow solutions are obiained using an explicit version

oF the code based on a finitc volunic spatial discretisation and a R unge- Kutta -type inte-

gration in tinic, first p~rcscn~tcd by Jamr'.on et. al,( I).

In order to speed tip convergence, local timne %tepping and Implicit residual averaiging arc

applied. F~urthiermore a seqjuene of 3 mesh levels supported 1w uip to 3 multigrid grid

levels was used to achieve the steady state solution it, an crncient way.

For the viscous cf1kdst the thin- layer approximatiotn was, chosen and the turbulent stresse"

were estimnated via thie Flaldwin-lVomax TUrbulence model. For both test cases e~ccts cau-

re~d by the lamiriar to iturbulent transittion were neglected, and therefore the assuimption

rJfa fully tturivilent hooridary layer has been made. In order to avoid Qdd and even point

'eccouplirng and !o reduce the, numerical scheme to firra ordcr in the vicinity or shock waves

is- -rtifical Visc~sity tervi1 corsistr'ed a% a blend of second and (Ourr~i orde~r Jerivativts1

has been used

lDetailed desctiplitoi'- of !Ie ntimcrvj! scheme (an he found In (2.3).

Meshes

'With regard to) he symmetry of the problemn and in oidcr to ieduce the c'omputatWiliji

effrtsa smmery niti.n is mp!oyed lik circumrcarentia; 40iection. Applying a stil
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houndary condition on the surface of the bullet, the influence of the thin boundary layer

cveloping on the bullet is neglected. Furthermore the computational domain is extented

'i the axial direction behind the engine face, in order to avoid a feed back or the constant

,rerure 1'oundary condition on the measurement plane. The fine mesh consists of 99279

ridpoints and is subdivided into 3 blocks. The mesh resolution in radial direction '.3

rtactd by 33. in circumnferentiai by 17 and in axiai direction by 145 gridpoints. The final

.nesh is depicted in Vg. I.

"omp.. ier and CPU Times

I lie calcuhations were done on a CONVIX (220. Using a single processor the required

CPU tirnme varied between 4 and 5 hours for a, omplete run, M00 cycles on each mesh lc-

.e. depeading on the workload of the rnachine.

,tarntng (ontditions and ('onvergence History

For both tert ca Y- ile initial conditions for the coarse mesh has been set to freestreeim

yahlics, for the svces iccc mesh levels writial conditions are obtained from the previous one

by interpolaticn l ypical convergence plots for tst case 3.2 are indicating a reduction

(f the residuad by four orders of magnitude on each mesh level. With regard to the com.

rnhx ilo uaf, sliIat,•flcotresponding to test case 1.1 the turbulencc model and the amount

of artificial voscosmty has to be adjusted carefull',' Doing this without starting from the

initial conattions causes convergence plots. w'"ich arc not comparable to those of test case

1.2. Ilowt"r the samec residual level as for test ,ate 3.2 it obtained on the fine meyh.

[urthermlore th quality of the tol'titw,. I '• • d by integration of ihe riuxes in croMA-

sctltn a00rig the duct. For the transornic tasr a qvmal! error iq intrMojcedt over the shock.
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Results

To summarize, the results obtained for test case 3.2 seem to be reasonable even for the

relative coarse mesh used in the computations. Test case 3. I describes - nmuch more

complex flow including features as shock boundary-layer-interaction or large regions of

separated flow. Numerical tests upon mesh resolution and downstream pressure level

indicated a very sensitive behaviour of the flow. Compared to -he measurements the size

of the separation bubble appears unrealistic large. The reason for this discrepancy may

bc thought to be due to the poor turbulence modelling, the inaccurate icsolution of the

shock boundary-layer-interaction, causing a too early separation of the flow, or the mis-

sing information about the laminar to turbulent transition. For a better understanding of

these deviations from the measurements detailed experimental results would be helpful.

With regard to the integral parameters describing the flow non-uniformity it should be

mentioned, that these values are sensitive to the step size used in the integration process,

and may therefore only he comparable to those obtained from a similar resolution. Hbo-

wever the main features of the flow are described qualitatively correct (or both test cases.
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FIG. 1 GESCHWINDIGKEITSVERTEILUNG IN DER SYMMLTRIEEBENE
TEST CASE 3.1

FIG. 1 GESCrlHWlNDlGKEITSVERTEILUNG IN GER SYMIIETRIEEBENE
TEST CASE ?.2
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FIG. 3.1$E m:KS Of M ANT ENGIVE FACE 1OTAL PRESSURES PWPTO
TEt AS *31 fOORN!ER)

FIG). 3.1 SLINES OF CONSIONT ENGINE FACE TD7QL FREZ'SURES PT/P7O
TEST CASE 3,2 (BURNIER3
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The ARA Euler multiblock method Ir used to predict the flow obout two

intake/S-bend diffuser geometries. One configuration has a cIrcular intak:

whilst the other has a semi-circular Intake: the diffuser in eacr, case

terminates at a circular engine face plane. These geometries are part of a

number of test cases deflned by AGARD Working Group 13, whose purpose is to

assess the current capabilities of relevant computer based calculation

methods for air Intakes. The generation by the multiblock approach of what

are considered high quality grids is described in some detail, as these

geometries possess features which have hitherto not been considered by the

"method. Inviscid solutions are presented at two mass-flow ratios ['or each

geowetry, and comparison with experlml ital data shows the importance of

viscous effects in flows of this type.
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In recent. years, the ARA uiultiblock method has been applied to a wide

-voriety of aerodynamic configurations, with two of the most geometrically

complex examl71es to date being the fighter aircraft with intakes and nozzles

and the wing/body/pylon/store model described by Shaw et all. Such examples

•-' demdnstrate the geometric versatility of the method and also the accuracy of

flow solutions which can bhc ,btalned from the accompanying Euler algorithm.

This Note describes a further application of the multiblock method, namely.

"to two intake/S-bend diffuser geometries.. The geometries are a subset of a

number of propulsion related configurations which were defined by AGARD

Working Group (WC) 13, entitled 'Air Intakes for High Speed Vehicles', with

a view to soliciting associated flow predictions from state-of-the-art

computer based methods. The first of these geometries, denoted Test Case 3

by WG13, consists of an axisymietric intake whose throat joins smoothly onto

an S-bend diffuser of circular cross section, and the second, denoted Test

Case 4, consists of a semi-circular intake uith semi-circle- to-circle:

S-bend diffuser. Such geometrles have obvious application to side and chin

engine intakes on current military aircraft.

Each of the above test cases consists of two separate flow conditions at the

same free-stream Mach number (M. = 0.21). Th' .wo flow conditions differ in

the mass flow which is passed thi'ough the duct in each case, with the Mass

Flow Ratio (MFR) characterising each of the situations.. It Is well known

that, for even moderate mass flows through S-bend ducts of this :ype, where

the boundar' layer -remains attached throughout, vis.cous effects are

important In determining the flow. For high mass flows, flow separation may

take place and secondary flows may be set up in the duct. BecausQ the

modelling of viscous effects is critical in giving an accurate picture of

cer'ainly the internal flow component of these WG test cases, it is not

surprising that the majority of the contributors will be using, computer

methods based on solution of the Navier-Stokes equations. However,

Interpretation of predictions of highly viscous flbws can be extremely

difficult, and !t was thus considered desirable by the'WG that high quality

inviscid solutions should be available for each of the flow conditions.

Such solutions were solicited from ARA., and these were obtained from the ARA

Euler multiblock method.

•--••-1,:•
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A brief description of the inultiblock approach is given in section 2 of this

document, and it will become clear from the following sections on the means

of generating a computational grid around the two geometries addressed here,

"that a complex arrangement of grid blocks is required to 'optimally' miodel

each of the geometrical features involved, eg intake lip, duct surface and

core etc. The Euler algorithm used to obtain the required inviscid flow

solutions is also bri-fly described. The four flow solutions (two for each

test case) are preiented and analysed in section 7, including a comparison

with experimental data, although, as will be apparent from the above

discussion, it is not expected that high absolute accuracy will be a feature

of such a comparison. The value of the results herein wil hopefully become

apparent when all contributions to WG13 have been collected and collated.

S2 MULTJ BLOCK APPROACH

The approach to grid generation and flowfiele simulation around complex

aerodynamic geometries being pursued at the Aircraft Research Association is

based on the multiblock concept 2 . For each component of a configuration,

there is an optimal grid topology which mostly conforms to the geometry of

the component. The qualitative features (orthogonality, aspect ratio and

smoothness) of such a grid topology will provide the most eff•cient

discretisation of a flow domain on which to construct a numerical algorithm

for simulating the equations which describe the motion of a fluid. Since,

in general, it is not possible to generate a single block structured grid

which satisfies the above.requirement, the approach adopted is to split the

flow domain between the configuration and some farfield boundary into a

number of blocks, based on the constraint that only one type of- flow

boundary condition can be applied on each face of each block.

The blocks fill the domain whithout overlapping each other. Each block has

six faces and eight corners and can be mapped into its own unit cube in

computational space without change in topological structure. All points

lying within a given block can be directly referenced with respect to each

ocher (le the grid is locally structured) but bear no direct structural

relationship to any of the g&id points which lie within other blocks (ie the

grid is globally unstructured). Th's sacrifice of global structure within a

grid allows the flexibility required to construct grids whose topological

siructure local to each component is compatible with the particular

geometric characteristics oP the component.
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The structure of the ARA multiblock system can be readily broken down into

five parts as shown in Figure 1. Accordingly, the remainder of this memo Is

broken down Into five sections, each one describing the techniques used and

work undertaken, within each individual section of the multiblock cystea,

for the ACARD WG13 test cases.

3 GEOMETRY DEF I N I TI O OELTJF .N.,Q_

The geometry of Test Case 3 (TC3) of AGARD WC13 Is an intake cowl, attached

to an S-bend diffuser whose centreline is offset by 0.3 times its le..6th,

inside part of which lies an axisymmetric bullet that is positioned at the

centre of a nominal engine face. Throughout Its length, the geometry is

circular in cross-section. The geometry of Test Case 4 (TC4) is made up of

similar components. However, for TC4, both the interior and exterior parts

of the cowl are semi-circular in cross-section. Thus, the diffuser !s

defined to allow a smooth variation in cross-sectional shape from the

semi-circular cowl to the circular engine face. For both test cases, the

profile of the engine face bullet is the same and is given, along with the

geometry of the cowl lips and diffusers, by a discrete set of points 3 .

In aerodynamics, the influence of. the solid boundaries on the flow field is

of paramount importance. It follows, therefore, that for an accurate

representation of the fluid dynamics, it is necessary to define the geometry

of the solid boundaries as accurately as possible. The approach to geometry

modelling adopted in the work described here requires each component to be

defined by a rectangular array of points. Such a network-is given in Figure

2. The two families of intersecting curves through these geometry data

points can be represented by parametric curves. Thus, the surface can be

viewed as a rectangular plane in the Independent parametric coordinates, s

and t, say.

Parametric cubic spline curves are fitted through the rectangular array of

points irn the two parametric directions s and t. v'ach cubic spline consists

of a series of points in a given parametric direction. Boundary conditions

impose continuity of position, first derivative and second derivative

between adjacent segments of the spline curve and zero curvature at the end

points of the spline, which are the first and last point of the relevant

parametric coordinate. The slopes at, and position vectors of, each of the

geometry data points provide the necessary boundary conditions required to

construct a bi-cubic patching of the surface of the geometry4 .



Thus, given' a set of geometry points, defined In t*erms of Cartesian,'

coordinates and arranged in a regular manner, a continucius representation of

the surface of a configuration can be obtained. To this end, programs were

written which read In the given discrete data points (defining the profile

of the cowl lip, the local radii of the axisymmetric bullet and the shape of

the S-bend diffusers) and output the TC3 and TC4 geometries in a form

appropriate to constructing a bi-cubic patch of the surfaces.

Some important modifications to the geometries were also made. For both

test cases, the engine face was positioned further downstream than

originally defined 3 by adding on circular cylinder extensions to the bullets

and diffusers. Also, the external part of both cowls was doubled in axial

length by extrapolating downstream from, and parallel to, the original

geometry. These changes effectively moved the boundaries of the flow domain

at which outflow boundary conditions were to be applied. They were made to

alleviate concerns about the Inappropriateness of applying the outflow

boundary conditions described in section 6 at the original boundaries. The

derived geometries for TC3 and TC4 are given in Figures 3 and 4

respectively.

As will be seen In section 5, the technique adopted for the modelling of

surfaces has an importanc influence on the approach to the generation of

computational meshes o, surfaces.

4 TOPOLOGY DEFINIIONL

The flexibilltty of the multiblock approach aiIows a wide range of

alternative grid topologies to be constructed. However, this flexibility is

gained at the expense of having

a) to visualise a block decomposition of the domain around a given

geometry, and

b) to define the grid and flow boundary conditions imposed on each bWock

face and, where necessary, details relating to adjoining blocks.

Obviously, step (a) precedes step (b). The information defined in step (b),

the grid topology, is stored in a data bank known as a topology file. This

file drives the muitiblock system, providing the structure necessary to

allow 6rid and flowfleld Information to be transferred between blocks.



As -described earlier, the geometry of TC is circular .n cross-secti " .

"throughout its stresmwlse extent. A polar, O'-c"sh topology Is therefore

suitable for modelling the circumferential profile of Mho geuotry (see

F Iure 5a). The cowl lip has a rounded leading edge., it being defined

internally by an ellipse and externally by a NCA section (1-854-35). A

'C'-uesh topology conforms to this feature of the cowl (see Figure 3b). The

large fnzernal angle at the nose of the axisymmetric engine face bulle,

suggests the use of a C-grid topology in an azimuthal plane through the

bullet (see Fgure 5c). These considerations can be readily combined to

yield the azimuthal block structure shown In Figure 6. (Note the five-point

singularity that arises from embedding the C-grid topology local to the

bullet), This block structure can be rotated locally about the centre-line

axis to give the required polar topology In the circumferential plane. This

rotation would yield a polar singularity along the centre-line axis (see

Figure Sa). However, it has been demonstrated in Reference 5 that such a

singularity can adversely affect the convergence rate of the explicit

time-stepping flow algorio.m to be used in this work. (This is primarily

because the volume of the cells, and hence maximum permi.sible local

time-step, decreases as the centre-line Is approached). To overcome this,

the centre-line region can be modelled by a Cartesian topology. This

tt:ults in the azimuthal and circumferential block structures given in

Figures 7a and b respectively. As can be ,een from Figure 7a, the blocks

modelling the internal region from the cowl lip to just upstream of the

bullet are split into three. blocks in the axial direction. This ultimately

allows a ;ufficiently dense mesh to be generated in this region. (The

multibhock system has a limit on the number of points that can be used In

any one coordinate direction oi a block). Since the geometry of TC3 is

symmetrical, and the flow cases to be run do not '-equire sideslip to be

simulated, the configuration can oe modelled using 38 blocks. The above

discussion covers step (a) of the topology definition process.

Step (b) involves specifying the information that links the blocks together

and the boundary conditicns on each block face. To do this, the convenkion

adopted is to assig, to eech block a computational coordinate system and a

unique number ranging from I to the number of blocks, 38 in this case (see

Figure 7). Also, each block face is assigned a number, with 1, 3 and 5

denoting the computational plares I - 1, J - I and K - I respectively, and

2, 4 and 6 denoting the planws I - IMAX, J - JMAX and K - KMAX tespectively.

The block connectivity and boundary zorsdition data !s then specified using

the block faces as a basis.



For the grid generation, boundary conditions include a Dirichlet type, where

a fixed set of data points Ia given, and a continuity condition. Many faces

within the block structure are boundaries between blocks In the interior of

the flow domain and, as such, are purely notional boundarlea which, provided

grid lines pass smoothly through the junction, have no physical

significance. At such boundaries, the continuity condition is imposed which

unsures that grid lines pass through the interface of two adjacent blocks

with continuity of position, slope and curvature. For block faces on which

a continuity condition is applied, block connectivity data must be

specified. This takes the form of a unique number associated with the

adjacent block, a number depicting the common face of the adjacent block and

the relative orientation of the local axis systems on adjoining block faces.

For the flow solver, a wider range of boundary conditions are available

which are consistent with solving the. Euler equations o" motion for both the

internal and external regions of the flow domain. The block connectivity

data rpquired for the mesh generators is also used by the flow solvers. If

a face of a block lies on the surface of a geometric component, a four

character alpha-nunmeric string must be specified for that face, for example,

COWL.

Thus, ia totei, six items of data (boundary condition for the grid

generator, boundary condition for the flow solver, adjacent ck. adjolling

face, relative orientation and - name must be specified for each t1ock face

With each block having six faces and requiring the numLr of msh points in

each coordinate direction to be defined. 19 am'iunts of dsta must be

specified per block. Thus, in total, the topolo&v file will cornain 1482

O(e 39 x 38) items nf data. To facilitate the poten'.4ly !abour intensive

task of preparing this data, a program was written to .reate the topology

file, with simple inpit allcwing the block dlmensin- to •e altered as

required.

Note that although tbe mesh generators art vertxe basoa, nv sdatýiunal data

defining boundary conditions for, and connections betwei.n itiiwr; and Odges

of the blocks Is requived. Ali this data is deri'',C using tho face

connectivity data and internal progrant logic within t.* akltiblo'k .ysl4e.

This completes the topology definition process for TC-

The task of simulating the flow over TC4 geometry represants a steivert

challenge, even to an approach with the flexibil(ty oh- multibiock. The main
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problemi In nodelling the inviscid flow over this configurat~on arls~s from

the transition of the semi-circtilar cowl to the circular engine face. Step

(a) of the topology definition process can be readily visuallsed for both

the Interior and exterior of the cowl In Isolation (see Figure$8). The

topology for thej domain local to the engine faee can be the same as for 'rC3,

since thea geometries are similar in this region. However, these three

top~ologies are inckmpatible with each other since they cannot be readily

vombined in the axial direction. Consideiration war, therefore given to th&

implications of extending each of the three topolu~1es, In turn, in the

axial direction. In other words. how would the topology best suited to the

interior of the cowl miode! the exterior region of the cowl and the engine

face region? On bslance, it was concluded that the topology best suited to

the engine face would be lilply to providoe the least distorted grid for the

other regions of the geometry (sev Figure 9). Hlence, the block structure

already defined for TO3 was also used for TO4. The block dimensions in the

circumfe-ontial direction we're increased from 7 to 11 in all cases in an

attempt to limit the grid distortion and model the higher cross-flow

gradfents exp;;cted with the TO~ geometry.

The aL\ove topology definidions. whil.sc beirg suitab .. ur geometries similar

to those addrPR,;ed here, would require mdif--catin bef'ore they could be

integrated in~to a topology fu an alicraft type geometry.

5 _QLQ NEATIO

The generationI of a thu'ce-divmernslonai nultiblock grid 1-'r a given

configuration is a two step pr~c-es,. It Involves first the generation of

grids on the surface of the geotretry, and on the other boundary surfaces of

the flow domain, and secoi.d the generatien ..f the grid in the field.

The 6eneration of grids on the actual surfaces of a configuration represents

one of the most difficult aspects of the total grid gieneration problem. It,~

importance, in' two respects, is undoubted, however. Firstly, It is; the

response of the flovi to the precise shaping of the configuration's surfaces

that has a major influence oo the total flow field. Secondly, the surface

Srid& act as boundary conditions for the generation of rfied grids.

Consequently, surfare grids exert a strong Influence upon the field grids,

particularly in the neighbourhood of a configuration, the ve'y region Where

flow gradients tieed to be resolved iýo-ur'ately. Surface grids have the same

requirement for SmOOthness and "ontinuity as rield meshe& ind, in addition,

are requirerd to confern to the configuration surfaces, Including lines of

component ;intersect ion, and to model regions of high surface curvature.
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The approach to surface grid generation to be described her* makes use of

the discussion In section 3 where parametric coordinates are employed and a

surface is continuously representable via the bi-cubic patching technique.

Such a description of a surface is important for the generation of surface

-* meshes which, in general, are net coincident with the network of points

defining.the geometry. The parametric approach utillses the fact that a

surface in three-dimensional Euclidean space can be expressed in terms of

two independent parametric coordinates, J - •(s,t). Surface mesh generation

can then be viewed as a transformation S(s,t) -. X(xry,z), where the mesh is

generated in the two-dimensional Parametric space and mapped to physical

space via the bi-cubic patches, which ensures mathematical consistency with

the geometry definition.

The surface grids are generated by solving the coupled set of non-linear

elliptic partial diff,:-ential equations, originally proposed ')y Thompson,

Thames and Mast in 6 ,

a(st + Psý) - 20 st + -y(s,, + Qs,) - 0
(1)

a(ttE + Ptt) - 2fl t~n + 7(t// + Qt77) - 0

w'lere

C- s + 2

- s77sk + t t t

7 S 2 ~ + t t

and P and Q are source terms used to control the mesh. • and i? are the

computational cýordinates.

These equations are approximated using second-order accurate finite

differences to obtain a non-linear set of algebraic equations for the

positions of grid points in parametric space. The equations are then solved

iteratively using a successive line over-relaxation algorithm.

The source terms can be evaluated In a number of ways. The technique

employed here is an essentially automatic procedure whereby the source terms

are coitstructed from two terms, one which reflects the bounda.ry point

spacing into the field, the other which drives the grid towards

orthogonality at the boundary7 . For example, P Is evaluated by

" q 5 -S
P~ fIU 7Lý_
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The. first term, which contains only • derivatives, is evaluated solely from

the point distribution on n - constant boundaries, using second-order

accurate central differences. The orthogonality term contains both t and V

derivatives. The second derivative term can be replaced by a first

derivative and the ortho6 onality term reformulated as

Ilnl jjng2

The orthogonality term can be evaluated for nodes on 1 - constant boundaries

by using second-order accurate central differences along the boundary for

the Z derivative and first-order accurate one-sided differences into thie

interior of the domain for the 17 derivative (see Figure 10). Thus, since

the position of the interior nodes evolves with the 'iterative solution

process, the orthogonality term must be updated regularly,, every iteration

being used in this work. Once the source terms have been evaluated on all

the boundaries, they are interpolated through the mesh to control the

positon of the interior nodes.

In previous multiblock surface grid generation work, the orthogonality term

has been neglected because it is known to significantly. increase the run

time for generating the grid, by factors of say 4, and its success can be

geometry and topology dependent. it was coded into the surface grid

generator for this work due to concerns about the quality of the grid

obtained using only the term which reflects the boundary point spacih, and

because a limited number of surface grids needed to be generated.

To produce a valid multiblock surface grid, the topology of the surface grid

must be ccnsistent with the topology of the multiblock field grid. Ihc'

multiblock system includes a program which automatically exti-acts all the

1equ'red topology Uata for generating surface grids from the field grid

topology. rhe configuration and boundaries of the flow domain were broken

down into eight surfaces:

1) Cowl

2) Duct

3) Internal extension of duct

4) Engine face bullet

5) Engine face



6). Downstream boundary of the flow domain

7) Plane of symmetry

8) Farfield boundary.

Note, the first three surfaces in this list could have been modelled as one

surface, but were represented as three to allow for detailed control of the

point distribution on the geometry.

To generate the surface grids using an elliptic set of equations requires

the point distribution to be specified along all boundary edges of the

surface. Furthermore, since this boundary point distribut.on is to be. used.

to control the surface grid, the boundary nodes must be specified carefully.

Consider Figure 11 which shows the block structure for generating the grid

on the engine face surface. The surface grid topology file describes how

the surface blocks relate to each other in computational space. Specifying

the correct boundary point uistribution along the Dirichlet boundary edges,

and then solving the grid generation equations for the interior of the

domain, will ensure that the surface blocks relate to each oGher An: the

correct manne: in physical space. Thus, for example, the boundary point

distribution along the line I - IMIN of surface block 1 mus'. coniorA to the

top octant of the engine face circumference, In addition, to produce a

valid multiblock grid, it must also match exactly the point distribution•

that will be specif-ed along the topologically equivalent edge of the

surface grid generated on the extension of the duct. To this end, a number

of subroutines were written for distributing grid points and appended to the

basic multiblock surface grid geraralion program.

Figure 12 shows the surface grids generated for TO3 on the cowl, duct,

extension of duct, engine face and bu,',et in physical space. In Figure 13

the corresponding surface grids for TC4 are shown. The surface grid on the

plane of syrmactry and the grid or- the el!ipsoidal outer boundary are shown

for TC4 in Figures 14 and 15 respectively. These surface grids act as

boundary conditions fo' the fietO grid generation. The equivalent grids for

TC3 are similar.

The field grids are generated from the elliptic equations

; jxi x - -p 1 Xo.
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where gIJ are the metric terms, pI the source functions, X the grid point

coordinates and 0t the computational coordinates with the tensor notation

taking values 1, 2 and 3. No development work was required for this stage

of the multiblock system and the standard multiblock field grid generator

was used. Figure 16 illustrates a cross section of the field grid through

the throat region for TC4. Note the tendency for the grid lines to be

repelled from the(corner regions of the semi-circle. This is indicative of

the topology structure being non-opt.imum in this plane, as discussed

previously in section 3. The field grids for test cases 3 and 4 are

composed of approximately 90,000 and 140,000 cells respectively.

.6 FLOW ALGORITHM FOR SOLVING THE EULER EQUATIONS

The flow algorithm uased to solve the Euler equations of motion is based on

the scheme originally proposed by Jameson et a1 8 . This firit'4 volume

method, with explicitly added artificial dissipation,' uses a nulti-stage

time-stepp!ng scheme. Convergence to a steady state is accelerat.id by the

introduction of a forcing term p v,.-linnal to the difference between the

local total enthalpy and its freestream value and the use of a variable time

step supported by residual smoothing9 .

On the external farfie'd, boundaries of the domain, Riemann inQ

boundary conditions are applied. At solid surfaces, the normal-monentum

relation derived by Rizzi 10 is used to ensure there is no flow normal to the

surface. The representation of r, owered effects at the engine face is

included by specifying a mass flow ratio and area contraction ratio. These

are then used to give 'an engine face static pressure 5. the velocity

componcats and total energy being extrapolated from the interior and the

density evaluated so as to he consistent with the 1'reestream total enthalpy.

This procedure assumes subsoni- flow at the engine face, which is valid for

the flow conditions of interest.
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The resu~ts of four Euler calcula-.• ire analysed below, two for each test

case, and comparison is drawy, with exIjeritr'p-lal data 3 in each case. Table I

&ives ýh've details of Mach ,iLŽmber and nass-flow ratio.
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3 (a)0.210;i.457

3 (6)0.2~l2.173

4 (a) 0.211- 87

4 (b) J 0.211 2.140

TABME I

LýVh* of the calculation= was ri at a CY- 2 8 for 5000 cycles, to en~sure a

high levrI of convergence. V!'he number of stc~les way seem~ large compared

w~th those generally required for a three-d~wenisional external flow

calculation using the arultiblock method, but past experience5  a niae

char -duct fiows are particularly slow at converging to a steady state, and

the higher the mass-i'low ratfo thq, slower the convergence rate (for thfe

free-stream initial conditions u~sed here,).

Test case 3 Is examin~ed first. Figures 17 and 18 show the variation of the

ratio of surface static to free-stream tota! pressure for the low and high

mass-flow ratio cases, respectively. Part (a) of each figure gives' the

axial varfation from an external downstream station. around the lip and

downstream to. the engine face plane, and part (b) gives the radial variation

in the Immediate lip reglan. The definition of port and starboard on all

figures Is Lest v.;sualised by assuming both test case geometries correspond

to side Intakes on the starboard side of an aircraft. Port and starboard

are thus labelled in Figure 14: the definition of top aad bottom follows

naturally. Figure 17a reveals that the. agreement between theocry and

e'xperiment at the lower MFLZ in the lip and throat region is excellent and

that the qualitative rlow behaviour in the diffuser at each of the measuring

planes Is similar. It Is apparent, however, thaz the pressure as predicted

by the Et'ler method Is unifocamly higher within the diffuser, Including at

the engine face plane. Th!.s is almost certainly due to the negl!ectlon-of

ttie modelling of the diffuser surface boundary layer In the inviscid

results. The boundary layer reduces the effective duct area, via its

displacement effect, thus increasing the axial velocity and reducing the

static pressure. This pressure shift due to viscous effects wo~tld Improve

the comparison between theory and experiment, and a more precisie agreement

In the dIffuser would be expected from a high quality Navier-Stokes or even

an Ex-1er/interactive boundAry layer solution.

41
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Figure 17b, wlta Its expanded radial scale, enables a more detailed analysis

of the lip region to be madeo. Agreement is seen to. be favourable, which Is

agood indication that the stagnation poinit prodkoted by the- theory c~loseiy._

uMathes that observed int the real flow.

Turning to Figures 18 at the higher M.FwR, an 'Ammediate contrast in the

quality of prodictions Is observed. It Is expected that viscous effects are

particu!arly severe at this MFR, probably Including flow separation and

7 secondary flow structures within the diffuser, but the level of' mismatch,

especially in~ Figure 18a, is so great that It Is difficult to envisage that

the whole of the discrepancy can be attributed to this cause. Examination

of the qualitative features of the theoretical and experimental diffuser

flows reveals a broad similarity between the two, with the :obvious very

large shift -,n pressure level. As the peak suction levels are not

reproduced, Figure l8b suggests that, in contrast to the previous case, the

stagnation point is not correctly positioned in the theory. These

observations give sr~re credence to Jie suggestion that the experimer~tat MFR

may be incorrectly specliied# Other contributions to WG13. particularly

Navier-Stokes predictions, may shed more light in this area.

Test case 4 i~s examined through simi~lar plots in Figures 19 (low MFR) and 20

(hl~gh MFR). At the lower MFP, ;!quivalent ro=iuuets can be made zs those

associated with Figures 17, except that the pressure level in the 618vuat

region is slightly more in error and the rapid expansion downstream of the

fliroat on the starboard plane is not rep.-oduced particularly !'dell. H~owever,

taie small pressure shift associated with the constriction due to an attached

boundary layer is again ptesent in the experimental dalta. As stated In

previous sections, the modelling of the semi-circular intake of this test

case via the associated surface and field grids is soumawhat difficult,

particularly In the corner regions, and the qilality of the flow prediction

In these areas must be drawn to question Experimental preszoure readings

would have facllitatWd ccnclusions In this respect. Figure l9b indicates

that the stagnation point I., not well predicted, and It Is observed that the

experimental data is consistent with an Increased mass flow as would be

expected from the error In the throat pressure levels.

*Comparison of the theoretical results in Figure 18a with data from an
experimental W4I. which is 5% smaller than that specified for test case 3(b)
shows a much closer match between theory and experlment, particularly for
x/d4ax < 1.0, where viscous effects at-" probably relatively insignificant.
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Similarly, Figures 20 show the same features us Figures 18, 'and again it

must-be considered that the given experimental MR for this case may be in

error. In some respects, however, the theort f-al predir. Ions do riot

qualitatively match the experimental results. For example, 4he experimental

pressures on the port side show an expansion immediately downstream of the

throat, whereas the theory shows a compression. Again, a high quality

Navier-Stokes prediction would indicate whether this anomaly is due to

viscous effccts.

8 MQcUS IlOW S

The ARA Euler multiblock method has been used to predict the flow about two

intake/S-bend diffuser geomet:.es, as defined by AGARD Workino Group 13. An

attempt has been male to define an optimal block structure for each of the

configurations, although the second configuration posed particular problems

In this respect, with its semi--circle-to-circle diffuser, and ultimately a

block structure involving some compromise has been created for this case.

The inviscid results presented hierein were solicited by ACARD WGI3, In the

main, to better assess Zbe qual.ty of Navier-Stokes predictions from other

contributors. However, certain conclusions can be drawn by comparison of

experimen'al dsta with surface pressures as calculated by the present Euler

method, at two mass flows for each geometry, at M. - 0.21. The flowfield

for the lower mass flow in each case appears to have been modelled

reasonably well, particularly on the extefior and interior of the intake,

including the throat region. The diffuser flow is consistent with the

neglection of an attached surface boundary layer. rt the higher mass flow

in each case, the predictions, at most, possess the correct qualitative

features of the flow. It is presumed that the real flow is grossly affected

by viscous effects, including secondary structures, for these cases.
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Contribution of DORNIER to the Test Case 5
W. Fritz

Introduction

The testcase 5 consists of three mass flows for the circular pitot intake ACARD M742L.
Following there is a listing of the test conditions and the initial conditions.

Test Case 5.1:

Total pressure 14, = 108426 Pa
Static pressure P, = 29535 Pa
Total temperature T, 292,2" K
Flight Machnumber Al = I ,
Pressure Recovery "k 0 897F
Capture Flow Ratio A,4, = 0.9307
Capture area A, 8.086 in'

Test Case 5.2:

Total pressure 14, = 108359 "a
Static pressure p, = 29517 Pa
Total temperature T, = 292.8" K
flight Machnumber M4, = 1.5
Pressure Recovery PR - 0.9246
Capture Flow Ratio OI1A, = 0.6256
Capture area Aý = 8 086 in'

Test Case 5.3:

Total pressure /4 = 108525 Pa
Static pressure p, = 29507 Pa
Total temperature T, = 292.8S K
Flight Machnumber MO = 1.5
Pressure Recovery PR = 0.9267
Capture Flow Ratio AO/A, = 0.2980
Capture area A, = 8.086 in'

By pirescribing the Mach number, the total temperature and the total pressure fbr the outer
flow field and the intake mass flow ratio for the internal flow, the complete flow field is
defined sufficiently. Whereas the Mach number, the total temperature and the total pressure
define concete boundary and initial conditions also for a discrete ret of poif ts, the mass
flow ratio is an integral value and there is no possibility to urc the mass flow !-atio itself as
boundary condition at a discrete set of points. Therefore, the mas= flow ratio was appro-
ximated by ar ;terative variation of the static pressure at the downstream boundary until
the desired mass flow ratio was obtained as exactly as possible. For all three test cases only
the mass flux ratio nothins else was Fitted.
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Grid Generafon

For the grid generation, the given geometry was extended cylindrically behind the engine
fbice area, to ensure one dimensional flow conditions at the downstream boundary during
the calculation. The grid was generatet using conformal mapping with the Maxwell trans-
formation. The Maxwell curves describe contour conformal coordinate lines which are very
suitable for inlet configurations. In the complex space, those curves are defined by:

z= f( '

with z =x + iy as the complex coordinates of the phy,..cal space and w = u + iv as thc evenly
spaced coordinates of the transformed space. The coordinates of the grid lines in the phy-
sical space are given by the relations

X (+ UeCos V)

Y ~ (V + C" sit) V)

where the parameter a is defined by the internal diameter of the inlet. -rhe grid is defined
by geometric stretching functions aloing the cowl and along the diameter; the field grid
coordinates arc smoothed by elliptical differential equations in the complex space. The final
grid is nearly exactly orthogonal. In the figures 5.1 - 5.5 five different grid levels which have
been used durina the calculations are depicted. The number of volumes indicated in each
of the figures, means the number of volumes in one half of the grid. The finest grid consists
of 281 points along the cowl from the cowl lip to outflow boundary and of 97 points from
the centerline to the cowl. The finest grid starts with y values of 0. 3 at the cowl and there
are at least three points within y, = 1.0 . The finest grid was only used for the test case
5.1 with the high intake mass flo-w ratio, as for this case a normal shock inside the finlet re-
quired a high mesh resolution. In all other test caso.s only 4 grid levels have been used.

Flow Solution

*rhc flow solutions were obtained by using IDornier*.% 2-I) and/or axialsymmetric block
structerzd flow solver. This mrthod solves the 2-1) and/or axialsymmetric Reynolds aver-
aged Navier Stokes equations using the finite volume approach and an explicit Runge-
X,1tta-t)pc time stepping schemne. For conivergence acceleration and reducition of the comn-
putational effort, local time itepping, Implicit residual averaging, the multilevel grid techni-~
que and the niultigril strategy within each grid levcl have been applied. A modified version
of the Ilaldwin-Lotnax algebraic turbulence n-iodel was used as cloiure of the Reynolds
equations. Turbulent flow was assumed only in those blocks, which are b-ounded by a fixed
wall, in all the other blocks laminar flow was assumed Toi prevent -in oda-even decoupling,
ant artificial viscosity term constructed as a blend of second and fourth order derivatives was
used.

Initial Candfitions

For all test cases the calculation was started in the comosest mesh assrnsing the freestreamn
values as initial conditions. At the downztream boundary the static prtssure was desi.n4ciled.
To get an idea of the magnitude of that static pressure, there wai pcrioi mcd a one dIilnei*
sional calculation using the continuity equation, the definition uf the pre-isure recovery and
the relations for a pefect gas with the values, which ar- given Ror cach test cawe as InAput
values, Uinder (fhe assuption of it constant, total temperature it is posuble to grt an, equatiOrk
for the static pressure at the outfl~ow boundary.
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The mass flux is given by the capture flow ratio. With the index, f-i the freestream values
and the index . az the outflow boundary the cuntinuity cqaution gives:

(p%,'A, = (pw)(.AC = (pwh)Aa

and the mass flux at the outflow boundary is:

(W) 0tA2 - (P~ ACS(my~~n = P•)o j'- A•

This mass flux will be approximated by an iterative variation of the static pressure.

In the engine face amea (index ,) there are known (either "s given value or by gasdynamic
relations):

* p.w1 (continuity equation)

SThe rawn value of the total pressure pf, (defined by N. and the ptessure recovery PR ).

* The total tempcrature T, (the total temperature is con.tant for flows without heat
transfer)

With the definition of the total tuvi- .i,-ure,

T,
w = 2c,!,(i7 0

the definition of the total pressure,

the continuity equation

pj4V4, (-i-)A,
A,

and the' equation of Stalc 1b, a per cet gcs

P/ P11? If

one can get the relation

4'

.... •/ " "r ... ! ; ..--..-.......... - I ,(..:.... y.

or with the subCu~is

and
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the above eqaution can he written as

alu V + u- I 0

This equation can be solved iteratively by the Newton Method. Fhe solution of this
equation gives the static pressure in the engine face area under the assumption of one
dimensional flow. The pressure at the outflow boundary is assumed to be the same as
at the engine face area.

In the following table there is a comparison of the static pressure at the outflow boun-
dary as it was estimazed by the above equation and that value which was obtained at
the end of the calculation. Also included are capture flow ratios as they were approxi-
mated in the cak :Jlation comrpared with the definition values.

test case testcase 2 ,estcase 3

( - a-) 0.0 Q io0.630 , 297

().9107 0.6256 0.298

Frror: 0.07 % 0.7 % 0.3 %I ('aluiation:

p0  2.47 ..12 3.36

P aftial:
1I. 2.67 3.15 3.35

As it can be seen, the desired mass flow iatioz were approximated very accurately.
Except the test case 5.1, the static pressures at the oUlow boundary have been pre-
dicted extrem;;', well by thc one-dimensioiial pi --,c-idation

During the calculation it was found, that the test case 5.1 with the high intake mass
flow ratio was a erv critical one. Two solutio,.s lbr the prescribed mass flow ratio were
possible:

* Subsonic o,•v at the engine face area and the outflow boundary.

Supersonic flow at the engine face area and the outflow boundary.

Both solutioris art very close together and a too low value of the static pressure at the
outflow boundary, leads to the supersonic solution. Especially at the changes from a
coarser to a finer grid the st3i.ic pressure has to be varied very carefully, as the same
static pressure at the outflow ho-endary gives a higher mass flow ratio in the finer grid.
;bat means, hat either the mass flow ratio is kept smalicr in the coarse subgrids, or the
static pressure at the outflow boundary had to be decreased at the changes from a
crarscr to a finer giid. If the pressure is decreased too much, the supersonic solution
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with a complex shock system around the engine bullet will be obtained. So it was very
important, to ensure that the flow at thc engine Nce area was subsonic, and if neces-
sary, the static pressure has to be increased. The test cases 5.2 and 5.3 were run without
those problems, as for those mass flow ratios it was impossible to get a supersonic so-
lution.

Computer and CPU Tiw.s

The calculations were done on a Convex C220. Using a single processor, the required
CPU tin.z for one complete run was 30 - 35 minutes for the test cases 5.2 and 5.3 and
50 minutes for the testcase 5.1 with one additional finer grid level. The computing time
depends very much on the initial guess of the static pressure at the do -ntream
boundary and on the skill of the user during the variation of that static pressure in order
to capture the desired mass flow ratio. If the static pressure at the outflow boundary
is fixed, the computing time towards a converged solution is 20 - 25 minutes CPU time.
So far, the computing time for a test case at which the mass flow has to be approxi-
mated, is not very suitable for a comparison.

Convergence and Mass Flow Check

The convei6 encc plots on each mesh level for all the three test cases are included in the
figures 5.6-5.17. They indicate a reduction ofthe residual by three to four orders of
magnitude on each mesh level. Another quality check of the solution is the mass flux
along the inlet. Figures 5.18 to 5.20 show that mass flux, obtained by integration of the
fluxes in the croqs sections, along the inlet. The value x/xmax= 0 is at the inlet lip,
x/xma= 1 is at the outflow boundary. In all cases, the mass flux along the inlet is
normalized with that value of the outflow boundary. As it can be seen, the error is less
than 0.5 %, a value which can also be seen as an accuracy limit of the numerical inte-
gratinn.

Results

Flow Fields

The figures 5.21 to 5.26 show the pressure and Mach number contours of the different
flow fields. There is a detached shock in front of the inlet which moves in upstream
direction with.decra siog mass flow ratio. At the high intake mass flow ratio, there is
a supersonic region inside the inlet which is terminated by a normal shock. In the cal-
culation this normal sh.-ck is wa.hbcd out, as even in the finest grid the rrsolution is not
fine enougin at the (unknoAwa) position of the normal shock. In the plot of' the Mach
numbe, contours, it is noticed, that the boundary layer thicknss increases considerably
behind that no-m, al shock. At the other mass flow ratios the flow inside the inlet is
purely subsonic.

Pressure Distribusions

The figures 5.27 to 5.41 prescnt the cgine face total prcssure and static pressure, the
boundary laytr rake total presSure and si•tic pressure and the static pressure along the
cowl compared with the experimental data as they were available. The agreement bet-
ween the theoretical values and the experimental data is very good for the low -and the
medium intake mass flow ratio. At the high mass flow ratio, in the calculation the
boundary layer along the cowl seems to be too thick as it is indlicatc-. by the engine face
and the boundery layer rakc preswure distributionr. A comparison nl" ..te static pressure



dtfributioi along the cowl yields, that the pmessure behind the shoik is too low in the
c • &-u " In the calculation t.- boundary Lqyve behind the notmai shoc. bIectmes
too thý -ii8 tw,-ts in a too sinal net cross sectinq for the invi•-id part of the intzte
nowii' .ad by this the static pressure has to be decreased to get the de-sire mass flow

%.-, teawns th-.refRr may be semi in the inaccurate rezolution of the shock
i . 1-layer-tnte•ction. "'hereforr the grid should be adapted to the flow field, as

in position of :he shock is a priori unknown at the beginning or the calculation.

A comparison of the :ormputzd and the extierimental pressure recovery tPR in the engine
face arma is given in the tzblc below. PR wa; obtaiped by a numerical integratioai of the
engene falce preure distribution.

T• case PR, PR-V,

5.1 0.857A3 0.8978
5.2 0.91:37 0.9246
5.3 091300 0.9267

As tie calculation wat performe(ý a, an axialsymetric one, !he steady state pressure di-
storton DC60 = 0.0 for al) the thriee test cases in the calculation.

4.I
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V. BRUMEAU - P. GARNERO
Sot vice A~rodynamique Thiorique
Les Gfitines -91370 V;!rriires le 'Buisson

TEST CASE 6
NASA P8 high aspect ratio mired compression intake

(supersonic part only)

* Flow calculations are based on two different models

- a perfect gaz model with resolution of Euler's
equations,

- a viscous gaz model with resolution of averaged
Na-vier-Stokes equations completed by a turbulence
model.

1. Euler results

The Euler multi domain code FLU3M which has been
developed by ONFRA im collaboration with o.7rospaflale, applies to
numerically simulatea flows of gazes around and in complex
configurations with an emphasis on supersonic and hypersonic
flows.
The code oroanisation is built around 3 key units :a command
interpreter which assumes the user interface, a plan monitoring
unit which decides of the type of the computation, and a plane
processor incijding the numerical scheme.

The FLU3M code runs on a CONVEX C220 bi-processor with
512. M-octets of central memory.



1 .3-0fist

As tWe flow in the air intake could be considered to be
bidimensional, the simulation was 2D with 3 identical plans in order
to use the 3D code FLU3M.
The treatment of the air intake geometric has led us to adopt a
muftiblock grid made of 3 structured domains on each plan.
The first domain, composed by 100x6O points, represents the ramp;

* the second one of 115x40 points dimension defines the volume
between the centerbody and the cowl, whereas the third one
100x20 structures the external part of the cowl. ( figure 1 )

1.4 Initial conditions:

Mo =.4 c=0*0 and f•0'
Each domain was initialised with the infinite upstream

conditions.
We use a dynamic data file included algorithm and flow
parameters, the definition of each grid and its initialisation.

1.5 Difficulties.;

The difficulties we met were mainly due to the grid quality
imposed by the flow nature. Boundaries were splined to avoid
undesirable pressure rates.

Because of mesh contraints, cowl extremity couldn't be
blunted enough to make the cowl shock detached; The effective
upstream displacement of the cowl shock is achieved by moving the
cowl leading edge to the "virtual origin" defined by the tangent to
the cowl surface and the experimental shock location downstream
of the inlet entrance. As the figure 2 indicates, tFe virtual origin is
placed 1.1 in. upstream of the actual origin. ( figure 3 and 4 )
( ref I )

•..•alw

The quality check of calculations is tested with a controle of
residues, which reache 10-4 for 5000 iterations in the present
case.



We present the results wd have obtained compared to
experimental measures given by AIARD.

Figure 5 presents static pressures contours in the inlet.
Fignres 6 and 7 represent static pressures on the

centerbody --,'face and on the cowl surface.
Res ilts with advanced cowl leading edge are, compared
to results with actual origin and experimental mea,""es.

Figures 8 and 9 represent static pressures contours in the
inlet with the actual origin and with the virtual origin.

Figures 10 and 11 represent Mach numbers contours in
the inlet with the actual o,'igin and with the virtual
origin.

Figure 12 repfesefits -Mach numbers in the en. ance
section.

Figure 13 represents pitot pressures in the cowl entrance.
section. Euler simulation don't compute boundary layer
effects that explains the difference between calculations
and experimental measures near boundaries. Because of
that difference, the comparison for further sections
doesn't present from our point of vue the interest that
Navier-Stokes results may have, that's why these results
are cnot presented here.

• -" .



,Navler-Stokes Results

2.1 Cogdeused

The Navier-Stokes code NS2D) was adapted for air intake's
cases from a model developed by ONERA. Internal flows
calculations are based on the resolution of the Reynolds averaged
Navier-Stokes equations ( viscous flows ) with an -algebric
tuybulence model ( ref 2 and 3 )

The numerical method of MICHEL is characterised by the use of a
centered. explicit finite difference scheme combined with a
multigrid convergerice acceleration technique.

The NS2D code runs on a convex C220 bi-processor.

Although this bidimensional code copes with multi domain
calculations, the case was treated on a single .AornJag, structured by
247073 points ( figure 14 ). A high density of points on boundaries
is needed to capture boundary layer thickness.
Boundaries were also splined and the cowl nos%- lightly blunted
(figure 15 )

MD=7.4 , a=00 and P= 00
Calculations were initialised with the upstream infinite Mach
n umnbe r.

Figure 16 represients static pressure contours in the inlet.
Figures 17 and 18 represent static pressure on the centerbody

and on the cowl
Figure 19 represents static pressure contours in the inlet.



Figure 20 represents Mach numbers contours in the
whole donain and specially in the inlet.

Figure 21 represents the Mach numbers in the entrance
"section.

Figure 22 to 30 represent pi.ot pressure in different sections
of the inlet.

d,,
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Figure 9: PLU3M results
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Domiv Liuftahtt GmbH Dormer

Frledrichshafen, Oct. 12, 199C

Stefan L-eicher
Dorniec, Lufifahirt
Abt-- BF30
Postfach '133'0
7c)90 Friedrichshafen
Tel.: 07545/84819

Mr. R.J. Benson
INTERNAL FLUID MECHANICS DIVISION
MAIL STOP 5 - 7
NASA LEWIS RESEARCH CENTER
CLEVELANO, OH 44135
USA

Reference : AGARD WCZ-13 TESTCASE 6 ( P31 INLET)

Dear Mr. Benson

according to an agreement with Dr. Bissinger we directly mail you our computational results for
the working group 13 testcase 6 ( P8 hypersonic inlet )The disc contains data of a laminar and a
turbulent calculation.

The grid used is a blockstructured grid with about 860.1)00 grid poin ts. We use 1689 points along the
ceoterline for the compression ramp and the inlet: The cowl surf,ýce is approximated by 137 grid
points while the channel contains 73 points in normal and 19 ( half configuration I in the crossflow
direction

We just finished these ca~cuiation today and in a first comparison we recognize that our grid inside
the Inlet channel seems to be too coarse to resolve the shocks sharp enough. Therefore we are
preparing an additional computation with an increased nuimber of grid points in streamwise and
the normal direction for the weekend.

If the computation is succesfui and the results toolk ipksonable we will send you these data
immediatetey.

Also you can await sor ie further written informaqtion, some plnts of thp. grid we are using and some
figures showing flow results.

Yours 41,ncerely
Dornier Lfuftfahrt GmnbH

i.V. Dr. Wagner !.A. Or.Rieger

Enclosed: DISC
Listing of file contens



General Dyna.ics
Fort Worth Division

April 18, 1990

Dr. R. 0. Bradley, Chairman
AGARD Workdng Group 13
General Dynamics / Fort Worth Division

Dear Dr. Bradley,

Enclo§M are the intermediate results of the P8 Inlet Analysis (AGARD Test Case $6) as
called for in your letter dated Mamh 4, 1990. The solutions contained herein arm the 2D
results, for which the L2 Norm Residual has decreased 3 orders of magnitude, and the 3D
results, fcr which the L2 Norm Residual has decreased I order of magnitude.

The solutions were obtained using the 2D and 3D versions of the GD/FW FALCON
code. FALCON is a finite volune, viscid/nviscid flow solver that uses Roe's flux
difference splitting algorithm. The code contains muiti-blocking capability with point-
to-point matching required at the block boundaries. Both dhe 2D and 3D analysis utilize
the Baldwin-Lomax turbulence model.

The grid structume and part of the grid used in the analysis is shown in Figure 1. The 3D
grid consists of 6 blocks and 480K points. The 2D grid is the centerline cut of the 3D
grid with 2 times the number of poinis in the normal direction. The 2D analysis was
perfonned on a CONVEX C210 computer and required 3.5xlOE-4
,conds/point/iteration. The 3D analysis is being performed on the NAS computer

system using the CRAY YMP computer and requires 1.0E-4seconds/pointfiteration.

The 2D results are complete and need only one point of clarification. The FALCON
code does not currently allow for multiple regions of transition. As such, transition was
set at x=35 cm on the ramp surface. Th7is condition establishes turbulent flow over the
entire length of the cowl.

The 31) results, though not converged to a satisfactory state, are included for
completeness. The same transition crtenron was used as with the 2D case. Additional
color plots are included to show the overall nature of the flowfield. These plots also aid
in analyzing the differences between the 21) and 3D solutions. Mach number and pitot
.n"ssure contours are shown along the the centerline for the 21) and 3D cases in Figure 2
and -Fiigare 3. Pitot pressure contours are s,'ýwn at the axial cuts to show the three-
dirnetional nature of the flow (Figure 4.) The data comparison requested is presented
graphically in the format specified. Greyscale versioiis of the color charts (Figures 1-4)
are included for use in duplicating.

The information in this packet represents the results obtained for the P8 Inlet Analysis at
this time. It is expected to have complete results to you by the June 15 deadline. Should
there be any questions regardirg this test case, please do not hesitate to contact me.

Keith M. Kisielewski
Senior Engineer
Computational Fluid Dynamics
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FALCON ANALYSIS w/BALDW!N-LOMAX TURBULENCE MODEL
Pitot Pressure RFutio Profiles-ot X/XREF - 6.51
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FALCON RESULTS (20) XiXsREF 5.47 2.7883E-01 6.3986E-02 1.0005E5tOO
Y/XREF PP/PTINF TT/TTINF 2.6245K-01 5.9661E;-02 9.9926E-01

* .00005+00 5.4268t-04 3.7369E-01 2.8566E-01 5.4311E-02 9.96115-nl
,6.6554E-05 5.4747E~-04 3.$994E-01 2.8850E-01 4.858S5-02 9.9011E-01
2.1617E-04 5.8512E-04 4.2327K-0l 2.9100E-01 4.2993E-02 9.8141E-0l

*3,9908E-04 6.68515-04 4.6190E-01 2.9319E-01 3.7949E-02 9.6977K-Cl
5.9659E-04 8.08640-04 5.0378E-Cl 2.9512E-01 3.3281E-02 9.5543E-01
8.3136E-04 1.00988E-03 5.4530E-U1 2.96805-9l 2.9.346E-02 9.3890E.-01
1.0975E-03 1.2563E-03 5,82852-Cl 2.982BE-01 2.6054E-02 9.2120E-01
1.411355-03 1.5183E-03 6.1510E-01 2.9956E-03. 2,3344E-02 9.0316E-0l
1.7793E-03 1.7777E-03 6.4243E-01 3.0067E-01 2.1134E-02 8.85565-01
2.1950E-03 2.0287E .03 6.6564E-01 3.0166E-01 1.93399-02 8.68835-01
2.6772E-03 2.2705E-03 6.8351E-01 3.0250E-01 1.7877E-02 8.5333E-01
3.24255-03 2.50409-03 7.0307E-01 3.0324E-01 1.6680E-02 8.3923E-01
3.8744E--03 2.7310E-03 7.1356E-01 3.0387E-0l 1.5640E-02 3.2584E-01
4.6060L-03 2.9541E-03 7.3257E-01 3.0443E-01 1.46455-02 8.1196E-01
5.4541E-03 3.171723-03 7.4521E-01 3.0491E-01 1.3656E-02 7.9706E-01
6.4352E-03 3.40515-03 7.5718E-01 3.05335-01 1.2664E-02 7.8094E-01
7.5493E-03 3.68205-03 7.71565-01 3.05705-01 1.1649E-ý'2 7.6310E-01
8.8291C-03 4.01369-03 7.8662E-01 3.0601E-0l 1.0582E-02 7.4271E-01
1.0310E-02 4.4119E-03 8.0? *93E-01 3.0628E-01 9.4199E-03 7.1828E-01
1.1989E-02 4.890'7E-03 8.20385-01 3.06515-01 8.0917E-03 6.8689E-01
1.3918E-02 5.4675E-03 8.3879E-01. 3.06715-01 6.4986E-03 6.4266E-01
1. 6113E.-02 6.160SE-03 8.57885-01 3.0689E-01l 4.577!E-03 5.72065--Cl
1.8607E-02 6.9930E-03 8.7726E-01 3.0704E-01 2.9323E-03 4.5843F5-01
2.104E4-02 7i.9831E-03 8.9647E-01 3.0713E-03 2.5945E-03 3.7360E-01
2.46605-02 9.15.16E-03 9.1493E-01 FALCON RESULTS 17D) COWL SURFACE PRESSURE
2.8.2855-02 1.0519E-02 9.32305.-Ol X/XRFF PsPZERO
3.23595-02 1.2104E-02 9.4822E-01
.i.6548E-02 1.3949E-02 9.6229E.-01 0.00005+00 1.0000E+00
4.2053E5-02 1.6153E-02 9.75925-01 6.8843E-04 1.0000E+00
4.77405-02 1.6692E-02 9.8758E-01 2.1998E-03 1.00005+00
5.4009E--"2 2.11485-02 9.9432E-01 4.0064E-0O" 1.0000E+00
6.0893E-02 2.3279E-02 9.98265-Cl 6.16555-03 1.0000E+00
6.84269-02 2,4712E-02 1.0001E+00 6,74555-03 1.00005+00
ý.6574S-02 2.5110E-02 1.0002E+00 1.1828E-02 1.00005+00
8.53379-02 2.5216E-02 1.00035+00 1.5509E-02 1.0000E+00
9,4699E-02 2.5254E-02 1.0003E+00 1.9904E-02 1.00005+00
1.0458E-01 2.5273E-02 1.0002E+00 2.5150E-02 1.0000r,+00
1.1494E-01 2.52875-02 1.0002E+00 3.1409E-02 1.0000E+00
1.25689-01 2.5307E-02 1.0002E+00 3.8872E-02 1.00005+00
1.36725-01 2.5505E-02 9.9994E-01 4.77655-02 1.O0005+00
1.4791E-01 2.9321E-02 9.9821E-01 5.8352E-02 1.0000E+00
1.5918E-01 4.0446E-02 9.9952E-01 7.09505-02 1.09000E+00
1.7039E-01 4.5264E-02 9.9998E-01 R.5919E-02 1.00005+00
1.8142E-01 4.7498E-02 1.000oE+00 1.0369B-01 1.0000E+00
1.9216E-01 5.03515-02 9.9994E-01 1.24745-^1 1.00005+00
2,02529-01 5 30079-02 1.0001E4-00 1.496SE-01 1.00005+00
2.12415-01 5.5637E-02 9.9941E-01 1.7905E-01 1.0000E+00
2.21763-01 5.8140E-02 9.9691E-01 ?.1369E-01 1.6000.E+00
.2.3052E-01 6.0432E-02 9.99795-01 2.5435E-01 1.0000E+00
2.1868;.-01 r.2357E-02 1.oo05E+00 3.019"E-01 1.00005+00
2.4620E-01 t3789E-02 1.00035+00 3.$736E-01 1.00005+00
2.53105-01 6.5099E-02 9.99525-01 4.2168E-01 1.0000E+00
2.59179-01 6.63515-02 9.9944E-01 4.9589E-01 1.0000E+00
2.65062-01 6.71545-02 1.0002U+00 5.8fl98E-0l 1.00005+00
2.70lSE-01 6.7386E-02 1.0006E+00 6.1784E501 i.OOOOE+00
2.7473E-01 6.6597E-02 1.0007E+00 7.8i215-01 1.00005400



9.0959E-01 1.00003+00 4.4363Z+00 5.0933E+01
1.04513+00 1.00001+00 4.4366E+00 3.8298E+01
1.1936E+00 1.0000z+O0 4.4573E+00 2.2982E+01
1.3541E+00 1.00001+00 4.4385E+00 1.7006E+01
1.52543+00 1.0000E40u 4.4404E+00 1.49038+01
1.70568+00 1.00001+00 4.4429E+00 1.366SE+01
i.8925E+00 1.00003+00 4.44593+00 1.4037E+01
2.08303+00 1.0000+E00 4.4496E400 1.3578E+01
2.274C÷+00 1,0000E+00 4.4542E+00 !..2785E+01
2.46383+00 1.0000E+00 4.4597E+00 1.2130E+01
2.6481E+00 1.0000E+00 4.4666E+00 1.1237E+01
2.8247E+00 1.0000E+00 4.4747E+00 9.9367E+00

12.91069+00 1.0000E+00 4.4845E+00 8.8495E+00
2.91061+00 1.0000E+00 4.4962E+00 8.1871E+00
2.99593.00 1.0000E+00 4.509ZE+00 7.7600E+00
3.1637E+00 1.0000E+00 4.5253E+00 7.4940E+00
3.3240E+00 1.0000E 4.5429E+00 7.3223E+00
3.4738E+00 1.0000E+00 4.5623E+00 7.1335E+00
J.6114E+00 1.000E+00 4.5838E+00 7.1247E+00
3.7352E+00 10000E+0C 4.6064E+00 7.0394E+00
3.8450E+00 1.0000E+00 4.6298E+00 6.ý616E+00
3.9409E+00 1.000DE030 4.6536E+00 6.8962E+00
4.0237E400 1.0000E+00 4.6771E+00 6.8496E*00
4.0944E+00 1.0000E+00 4.6995E+00 6A8345E+00
4.1541E+00 1.0000E+00 4.7206E+UO 6.8344E+00
4,2043E+00 9.9745E-01 4.7401E+00 6.U500E+00
4.2462Ei00 9.7340E-01 4.7576E+00 6.8613E+00
4.2808E+00 2.1402E+00 4.7730E+00 6.8617E+00
4.3094E+00 2.8554E+00 4.78023+00 7.0717E+00
i.3330ETO0 3.1124E+00 4.7302E+00 6.86171+00
4.3523E+00 3.0804E+00 4.7837E+00 7.0717E+00
4,3681E+00 3.0386E+00 4.7908E+00 7.1235E+00
4.3809E+00 3,029"E+00 4.7988E+00 7.1380E+00
4.3914E+00 3.0412E+00 4.9076E+00 7.1528E+00
4.3999E+00 3.0534E+00 4.8172E+00 7.1791E+00
4.4069E+00 3.0573E+00 4.8277E+00 7.2055E+00
4.4125E400 3.0532E+00 4.8394B+00 7.2317E+0-
4.41709+00 3.0481E+00 4.8518E+00 7.2487E+00
4.4207E+00 3.0439E+00 4.8656E+00 7.2687E+00
4.4237E+00 3.0391E+00 4.8806E+00 7.2847E+00
4,4261E+00 3.C352E+00 4.8969E+00 7.50582+00
4.4281E+00 3.0333E+00 4.9145E+00 1-6870E+00
4.4296E+00 3.0310E+00 4.'ý236E+00 7.7705E+00
4.4310E+00 3.0379E4900 4.9541E+00 7.8449E+00
4.4320E-00 3.1690E+00 4.9762E+00 7.8966E+00
4.4328E+00 4.1845E+00 4.91)97E+00 8.2786gt03
4.4335E+00 1.1754E+01 5.0249E+00 8.5216E+00
4.43'1E+00 4.81473+01 5.0515E+00 8.6b31E+00
4.4340E+00 8.8473E+"! 5,0100E+00 8.809 6 E+00
4.4348E+00 1.0386Eý02 5.10919+00 8.9284E+00
4.4351E+00 1.0413E+02 5.1410E+00 9.0479E+00
4.4355E+00 9.7002E+01 S.17Z6Et00 9.7615E+00
4.4356E+00 9.3554E3+) 5.2075E+00 1.0074E+01
4.4358E+00 9.2313Ei01 5.2426L+00 1.0392E+01
4.43583E+00 9.2313E+01 5.2787E+00 1.0651F+01
4.4358+E00 9.2313E+o1 5.3156Z+00 1.1291F+01
4,4360E3+0 8,7365E+01 5.3532E+00 1.1837E+01
4.4361e+00 6.1904E+01 5.3911E+00 1.21i9E+01

_ .. ~. N! , . ...



A250

- 5.4293E+00 1.2554E+01 6.9410E4.0.1 3. 18182E+01
5. 4614E+00 1.3222E+01 6.9661E+00 3.2631E+01
5.50539+00 1.3489E+01 6.9912E+00 3.21362+01
5.5429E+00. 1.3793F4+01 7.0l649+00 3.1240E+,31
5.0797E+00 1.4627E+01 7.0415E+00 2.9973E+01
5.6157E+00 1.485GE401 7.0(,66E+00 2.8604E401
5.65072+00 1.5Q908+01 7.0917r1tO0 2.7256E+01
5.6846E+00 1.5306E+01 7.1168E.&00 2.60873,+-0,
5.7172E+00 1.6288E+01 7.2.417S.;00 2,51F2Ei+01
5.7A.83E+00 1.6616E401 7.16682+O0 2.4433L+01
5.7780E+30 1.68202+01 7.1919E+00 2.3e97E+01
5.8063E+00 1. 6958E+01 ?.2171E+00 2.35042+01I
5.8199E+00 1.7048E+01 7.2422S+00 2.321.62+01
5.8199E+00 1.693$E+01 7.2673E+00 2.3015E+0l1
5.8337E+00 1.7048E+01 7.2924F,+00 2.2882L.01
5.8615E+00 1.75i34E+01 7.3175EtO0 2.2782E+01
5.8891E+00 1.8212E+01 7.3426E+00 2.270?Ei01
5.9167E+00 1.8843E+01 7.3671E+00 2.2620E+01
5.9443E+00 1.9400E+01 7.3928E+00 2.2.i20E+flI
5.97192+00 1.9850r.+01 7.4179E+00 2.22...5E+01
5.9995E+00 2.0268E+01 7.43049+00 2.223'72+01
6.0270E+00 Z.0694E+01 FALCON RESULTS (20) X/XREF 5.78
6.0546E+00 2.1119E+01 Y/XREF PP/PTINF TT!TTTNF
6.08:2E2+00 2,1648E401 0.00002+00 5.4239E-04 3.7369E-01
6.1096E+00 2.2248e+01 6.65052-05 5.4675E-04 3.8914E-01
6.1372E400 2. 2906E+01 2.1617E-04 S.81052-04 4.2089E-01
6.1646E+00 2.3566E+01 3.8253E-04 6.5697E-04 4.5757E-01
6.1921E+00 2.4216E+01 5.8199E-04 7.84362-04 4.9777E-01
6.2195E+00 2.4348E+01 0.1481E-04 9.6711E2-04 5.3797E-01
6.2470E+00 2.5452E+31 1.0642E-03 1.1961E-03 5.7477E-01
6.2744E+00 2.59842+Gl 1.3801E-03 1.44352-03 6.0669E-01
6.3018E+00 2.6353E+01 1. ,293E-.03 1.6902E-03 6.3388E-01
6.3291E+00 2.65062*01 2.1284E-03 1.9295E-03 6.5703E-01
6.3585E+00 2.6617E+01 2.5940E-03 2.1599E-03 6.7696E-01
6. 3742E+00 2. 6664E+91 3. 109"C-03 2. 3821E-03 6. 9438E-01
6.3742E+00 2.66117E+01 3.7248E-03 2.5972E-03 7.0980E-01
6.3881E+00 2.66642401l 4.4232E-03 2.0076E-03 7,2369E-01
6.Al5Si2+00 2.6715E+01 5.2379E-U.j 3.0121F.-03 7.3622E-01
Z.44352+00 2. 6733E+01 6,1524E-03 3.2294E-33 .. 4860E-01
6.4711E+00 2,4732E+01 7.21168B-03 3.4845E-0:-, 7.5207E-01
i.49892+00 11.6721E+01 8.4140...-03 3.1883F.-03 7.7677E-01
6.5265E+00 2.6623E+01 9.1107E-03 4.15048-03 7.92682-01
6.5543E+00 2.64732+01 1.13?49-02 4.S8342-03 8.09712.01
6.58202+00 2.61399.+Ol 1.3186E-02 5.1008Z-03 8.2770E-01
6.60962+00 2.5610E+01 1.52152-02 5,7197E-03 8.46418-01
ri.63742+00 2.4849E+01 1.75439-02 6,4566E-01 O.S552F.-01
6.6650Eý'C0 2.3864E.,01 2.0170E-02 7.3312E-03 S.84602-01
6.5928E+00 2.2690E,101 2.3130E-02 8.3589E-03 9.032OE-01
6.7205E+00 2.1378E+01 2.6472Z--02 9.S590%-03 9.2083E-01
6.74,31E+00 1.9632F2i'1 3.0230E-02 1.0949E-02 9.374B2-G1
6.7739E+00 1.96358+01 3.4404E~-,12 1.2571E-02 9.52152-01
6.8035E+00 2.1161E+01 3.9077E-02 1.44882-02 9.6$990-o1
6.8311E+00 2.4504Ei.01 4.4232E-32 1. 68'*2-02 9.7962E-01
6.8589E+00 2.794?E+01 4.99189-02 1.93552-02 9.90002-01
6.8967I400 2.9752E+01 5.613$E-02 2.1675P.-02 1.9524E-01
6.9146E+00 3.122fwt.0 6.2905S-02 2.3648E-02 9.M832-01
6. 9286E+00 3.7819E+01 7.0222E-02 2.4812E-02 1.00,01F+00
6.9286E.00 3.1226E.C1 7.8070E-02 2.5104E-02 1.0002E+00



6.6434E-02 2.519SE-02 1.00028+00 2.0454E-03 1.7992E-03 6.4479E-01
9.5208E-02 2.5246E-02 1.0003E+00 2.4943E-03 2.0112E-03 6.6437E-01
1.0444E-01 2.5272E-02 1.0002E+00 2. 9 932E-03 2.21501-03 6.8147E-01
1 1399E-01 2.6076E-02 9.9817E-01 3.558AE-03 2.41152-03 6.9C59E-01
1.2377E-01 3.5429E-02 9.9U182-01 4.2237E-03 2.6025E-03 7.1019E-01
1.3371E-01 4.5327E-02 9.9977E-01 4.97202-03 2.7869E-03 7.2241E-01
1.4069E-01 4.9023E-02 9.9992E-01 5.8200E-03 2.9810E-03 7.3444E-01
1.5363E-01 3.1668E-02 9.9987E-01 6.I011E-03 3.2067.-03 7.4748E-01
1.6341E-01 5,4644E-02 1.0002E200 7.8986E-03 3.4729E-03 7.6169E-01
1.7295E-01 5.7623E-02 9.9966E-01 9.1623E-03 3.7875E-03 7,7704E-01
1.82162-01 6.0578E-02 9.9863E-01 1.0592E-02 4.1594E-03 7.9345E-01
1.9098E-01 6.2983E-02 9.3900E-01 1.2222E-02 4.5999E-03 8.1065E-01
1.9932E-01 6.5041E-02 9.9994E-C0 1.4068E-02 5.1201E-03 9.2848E-01
2.n717E-01 6.6827E-02 1.0Q04÷00 1.C146E-02 5.7311E-03 8.4684E-01
2.1449E-01 6.8159E-02 1.0004E+00 1.8491E-02 6.4480E-03 8.6544E-01
2.2126E-01 6.9306Z-02 9.9 97E-01 2.1135E-02 7.2839E-03 8.8389E-01
2.2749E-01 7.02C7E-02 9.9949E-01 2.4095E-02 8.2551E-03 9.0179E-01
2,3318E-01 7.0895E-02 .9967E-01 2.7404E-02 9.3777F-03 9.1879E-01
2.3833E-01 7.1422E-02 1.0004E+00 3.1079E-02 1,0684E-02 ).3505E-01
2.4299E-01 ;.i421E-02 1.0008E+00 3.5169E-02 1.2198E-02 9.4918E-01
2.4718E-01 7.0160E-.02 1.0008E+00 3.9659E-02 1.4043E-02 9.6300E-01
2.5092E-.01 6.7038E-02 1.0004E+00 4.4614E-02 1.6330E-02 9,7721-l01
2.5426E-01 6.2108E-02 .9.9842E-01 5.0002E-02 1.8732E-02 9.8802E-01
2.57249-01 5.6?21E-02 9.9373E201 5.5855E-02 2.0998E-02 9.93839-01
2.5987E-01 5.0393E-02 9.8666E-01 6.2157E-02 2.2940E-02 9.9759E-01
2.6218E-01 4.459SE-02 9.7664E-01 6.8908R-02 2.42016-02 I.00012E+O
2.6423E-01 3.9329E-02 9.6381E-01 7.6075E-02 2.5713E-02 9.9912E-01
2.6602E-01 3.4709F-02 9.4866E-01 8.3624E-02 3.3650E-02 9.992CE-01
2.6760ý-Ol 3.0786F-02 9.3181E-C0 9.1490E-02 4.6378E-G2 9.99142-01
2.689SE-01 2.7519P-02 9.14152-01 91638E-02 5.2457E-02 9.9949E-01
M.7019E-01 2.4830E-02 8.9646E-01 !.0797E-01 5.5600E-02 1.3003E+00

2.712r6E-01 2.2626E-02 8.7948E-01 1.1645E-01 5.87752-02 1.0001E+00
2.7217E-01 2.0829E-02 8.6369E-01 1.2495E-01 6.1952E-02 9.9949E-01
2.7247E-01 1.9363L-02 8.4925E-01 1.3341E-01 6.491ZE-01 9.9VI0E-01
2.7369E-01 1.8147E-02 8.3607E-01 1.4176E-01 6.7305E-02 9.99oU2-01
2.?429E-01 1.7040E-02 5.2303E-01 1.4991E-01 6.9156E-02 9.9986E-01
2.7482P-01 1.5951E-02 8.0916E-01 1.5777E-01 7,0565E-01 1.00049+00
2.7528E-01 1.48812-02 7.9446E-01 1.65329-11 '.1868E-02 1.0004E+00
2.75682-Oi 1.3812E-02 7.7863E-01 1.7249E-Cl 7.3365E-02 1.0003E400
2.7603E-01 1.2724E-02 7.6121E-.0i 1.7924e-0i 7.4815E-02 1.0004E+00
2.7633E-01 1.1587E-02 7.4145E-01 1,8554,-01 7.5805E-C2 1.0003E+00
2.7660E-01 1.0353E-G2 7.1i899-01 1,9139E-01 7.6356%-02 9.9196E-Oi
2.7683E-,01 8.9462E.-Oj 6.8780E-01 1.9680E-01 7.6'702E-02 9.9981E-01
2.7?73z-01 7,2ý60r-03 6.4557E-01 2.0174E-01 7.7052E-02 1.0OOIE+7l0
2.7720E-01 5,1761E-03 5.7769E-01 2.0.624E.-01 7.7024E-02 1.0006E+00
2.7735E-01 3.2893E-03 4.6368E-01 2.1012E-01 7.5965E-02 1.0009E200
2,7741E-.01 2.8746E-03 3.7369E-01 2.1401E-01 7.3218i-02 1.0003Ci-00

FALCON• XESULTS (2D) X/XREF = 5.94 2.1730E-01 6.8893E-02 9.9849E.01
Y/XREF PPlPTINF TT/TTINF 2.2026E-01 6.3684E-02 9.9466E-01

0.0000E+00 5.42!ýE-0i 3.7369E-01 2.2290E-01 5.78879-02 3.8853E-01
6.6554E-05 5..;2IE-04 3.8831E-0! 2.Z525E-01 5.19792-02 9.7961E-01
2.1617.-04 5. 727E-04 4.1837E-01 2.2733E-01 4.6335E-02 9.6793E-01
3.824SE-04 6.4566E-04 4.5295E-01 2.2917E-01 4.1239E-02 9.5404E-01
5.65299-04 7.5956E-04 4.9086E-01 2.3080E-01 3.6793E-02 9.3849E-IL
7.961•E-04 9.2182E-04 5.2909E-01 2.32W3E-01 3.3002E-02 9.2193E-01
1.0476L-03 1.1262E-03 5.644"1-01 2.3:,0OE-01 2.9M2Ue-02 9.0510E-01
1.3303E-03 1,3519E-03 5.9548E-01 2.3461E-01 2.71822-02 8.8860E-01
3.6629E-03 1.5787E..03 6,2206E-01 2.3557E-01 2.4995E-02 8.7293E-01

4,_



2.36449-01 2.3106E-02 8.58339-01 1.1109R-01 7.0885E-02 9,9922E-01
S2.37499-01 2.1684E-02 8.4493E-01 1.1849E-01 7.2326E-02 9.9986E-01•

2.3'7M48-G1 2.0409E-02 8.3260E-01 1.2578E-01 7.3534E-02 1.0003E+00
2.38401-01 1.92262-02 8.2025Z-01 1.3289Z-01 7.4643E-02 1.0034E+00

2t3892E-01 1,8047E-02 8.0706E-01 1.3978%-01 7.5694E-02 1.0003Et03

2.3935E-01 1.68ME-02 7.93040-01 1.4640E-01 7.6139E-02 1.00032+00

2.3973E-01 1.5709E-02 7.7792E-01 1.52688-01 7.7987E-02 1.0004E+00
2.4006E-01 1.4514E-02 7.6130E-01 1.5662E-01 7.9459E-02 1.000•4+uO-
2,4035E-01 i.3270Z-02 7.4251E-01
2.400FI-01 1.1924E-02 7.2025E-01 1.6936E-Cl 8.2554E-.02 9.9984E-01

2.4083E-01 1.0396E-02 6.9201E-01 1.7415E-01 8.38462-02 1.O00C7O00
2.4103E-01 8.3582E-03 6.5262E-01 1.78549-01 8.4320E-02 1.0005E+00

2.4120E-Cl 6.2348E-03 5,8865E-O1 I.8256E-01 8.3185E-02 1.0008E800

2.4133E-01 3.93609-03 4.1422E-01 1.36209-01 8.0096E-02 1.0105E+00

2.4141E-01 3,3M488-03 3.7369E-01 1.89518-01 7.5524E-02 9.991WE-01

F'ALCON RESULTS (2D) X/XREF - 6.09 1,9249E-01 6.3950E-02 9.9591E-01

Y/XREF rP/PTINF TT/TTINF 1.9517E-01 6.3906E-02 9.9048E-01
0-n0O0E+00 4.8261E-04 3.7369E-01 1.97562--01 5.7756E-02 9.8277E-01

6.6455?-05 4.8575E-04 3.M6479-01 1.9971E-01 5.1866E-02 ý.7250Z-01

2.1617E-04 5.1043E-04 4C1286E-01 2.0160E-01 4.6445E-02 9,59S0E-01
3.8248E-04 5.64491-04 4.4335E801 2.0330&-Ol 4.1627E-02 9.4"41E-01

5.6539E-04 6.5533E-04 4.7739E-31 2.0480E-01. 3.7439E-02 9.2968E-01
7.8151E-04 7.8754E-04 5.1281E-Ci 2.061!Z-01 3.38769-G2 9.1346E-01

1.0309E-03 9.5913Z-04 5.46761-Cl 2.0729E-01 3.0871E-02 8. 3133E-01

1.31ý6E-03 1.1354E-03 5.7136E-01 2.0832E-U1 2.8364E-02 8.8'82-01
J).. 295-013 1.35782-03 i.007E-01 2.c 22RF-0 2.6278E-02 8.6726E-01

1.4954E-03 1.5556E-03 6.271"!E-01 2.1003E-01 2.4547E-02 8.5384E-0l

2.4112E-03 1.746CE-.03 6.4718E-Cl 2.10738-01 2.3108E-02 8.4167E-61
2.8934E-03 1.92809-03 6.64b3-01 2.1135E-01 2.1820E-02 8.2993E-01
3.4421F-03 2.10M22-03 6.8006E-0) 2.1l9AE-01 2.05EýS-02 8.1:659-01

4.C574E-03 2.2699E-03 6.93838-01 2,1236E-01 l.933i-O2. "'0463-01.
4.15588-03 2.4299E-03 7.0;19E-01 2.1278E-01 1.8094C-02 7.9098S-01
5.5539E-03 2.5954E-03 7.1600E-01 2.1314E-01 I.•63-1 2 7.76050-01
6.46858-03 2.7839E-03 7.1171E-01 2.1348E-01 1.5608E-02 7.5981E-01

7.4994E-03 3.0011E-03 7.44-3E-01 2.13;6E-1l 1.43t.£-02 7.41a1'E-01
8.6800E-D3 342528E-03 7.5887E-01 2.1399E--C1 .2890E-C2 7.19918-01

9.9937E-03 3.z4b0E-03 7.7431E-01 i.1421E-0' !.12018-02 6.2•COE-01
1.1490E-02 3.8897E-03 7.9063E-01 2.1441E-01 9.3631E-03 6.5482V-0!
1.3186E-02 4.2939E-03 P.0775E-01 2.2457E-01 6.9982E-03 5.9324E-01
1.5082E-n2 4.77089-U3 8,2555E-01 2,1471E-01 4.3$80E--03 4.7971E-01

1. 7227E-02 5.3336E--03 8.4371E-01 2.147 7E-). 3.66958-03 3.7369E-01
1.9621E.-02 5.9968E-C! 8.61869 01 Ffa-CON RESULTS t20) X/XP8F F 6.23

2.2299E-02 6.7712E-03 8.7970E-01 YifR.P E T/PTINF Trl'TrINF

2.5275Z-02 %.6806E-03 8.96940-01 G.n0008+00 1.7824E-03 3.7369E-01

2.8584F-02 8.4333E-02 9,1370t.-Ol 6.6505E-05 1.7824E-93 3.9659E-01
3.2226S-02 1.0025E-02 9.30568-01 1.994GE-04 1.7818E-03 4.4186E-C-1

3.62508-02 1.1448E-02 9.4668E-01 3.6578E-04 I 7851F-03 4.81729-01
4.0640E-02 1.3142s-02 9.6106E-01 5.4859E-04 1.799VE-03 5.3265£-Oi
4.5429E-02 1.31738-G2 9.71138-01 -(485E-04 1.8323E-03 5.749ýE-01
5.060uE-02 1.8828E-02 9.81698-01 9.9762E-04 1.8914E-03 6.12419-0)
.. 6154E-02 2.7584E-02 9.9003P-01 1.267f-03 1.9823L-03 6.426CE-0-
6.2090E-02 4.2859E-C2 9.9768E-01 1.5797E.-03 I.l054Z-03 6.6554E-01
6.8i9)9-02 4.2491z-^" .00018+00 1.0i223-03 2.2616E-C3 6.9249E-nl
7.499-JE--0 5.7923E-02 9.9967E-01 7.31139-03 2.4519E-03 6.9523E-01
8.1873E-12 6.0698-02 9.9962E-o0 2.7602E-03 2.6C00-03 7.0584'-01
8.8925Z-02 6.365ZE-02 9.9444E-01 3.Z592E-03 2.95118-03 i.1565E-01
5.62788-02 6.654LE-02 9.9919E-0i 3.8412E-03 3.1642E-03 7.2523-.-Ci
1.036C8-01 6.9035E-02 9g.9IL8-01 4.4897E-03 3.6353E-03 7.JS57E-01



"5.2047E-03 4.0669E-03 7.4650E-01 1.75683-01 1.92733-02 7.76723-01
6.0361.-03 4,5722n-03 7.5809E-01 1.7599E-01 1.7909E-02 7.6129E-01
6.S6733-03 5.175ft-03 7.7055E-01 1.7626Z-O1 1.6486E-02 '7.43948--01
8.0149E-03 5.9533E-03 7.8507Z-O1 1.76493-01 1.4951E-02 7.23583-0]
9.1955E-03 6.9753E-03 8.0232E-01 1.7671E-01 1.3214E-02 6.9810E-03
1.0509E-02 8.2443E-03 8.2056E-01 1.7689E-01 1.1122E-02 6.62992-01
1.1989Z-02 9.8418E-03 8.401.E-01 1.77049-01 9.3862E-03 6.05789-01
1.3635E-02 1.1857E-02 8.6176E-01 1.7719E-01 5.2829E-03 4.4403•-02
1.5481E-02 1.4384E-02 8.8117E-01 1.77262-01 4.3144E-03 3.7369E-0!
1.i543E-02 1.74601-02 9.1415E-01 FALCON .3SULTS (2D) X/XREF - 6.37
1.9821E-02 2.1152E-02 9.3811E-01 '/XREF PP/PTINF T?/%TItfl
2,2349F-02 2.47603-02 9.5328E-01 0.0000E+00 2.8001E-03 3.73692-012.5125E-02 2.5921E-02 9.6394E-01 6.6505-CS 2.9148E-Ga 4.3744B-01

2.8169E-02 2.9416E-02 9.8559E-01 2,1621E-04 3.4970E-03 5.38038-01
3.14943-02 3.5263E-02 9.8937Z-01 3.82483-04 4.2053E-03 6.1168E-01
3.5119E-02 4.1864E-02 9.9622E-01 5.8199E-04 4,.8553E-03 6.6101E-01
3,9043E--02 4.9387E-02 9.9842E-01 7.98211-04 5,4483E-03 1 -
4.32E0E-02 5.3825E-02 9,9a25E-01 1.0310E-03 6.C047E-03 I.-2299-01
4.7757E-02 5.8731-02 9.9775E-01 1.2970E-03 6.4363E-03 7.4330L-C!
5.2546E-02 6.3293E-02 9.9790E-01 1.6130E--03 7.05928-03 7.6076E-01
5,.7601E-02 6.7257E-02 9.9e77E-01 1.962?b-73 7.581E-03 7.7580E-01
6,2889E-02 7.0423E-02 9.9881E--01 2.3613E-03 8.1355E-03 7.891;?-01
6.8376E-02 7.2966E-02 9.9940E-01 2.7935E-03 8.7121E-03 8.0120E-01
7.4046E-02 7.51152-02 1.0003Et00 3.2924E-03 9.3297E.-03 8.1236E-01
?.9816E-02 7.6948E-02 1.0005E+00 3.8578E-03 9.9943E-03 8.2281E-01-
0.568SE-02 7.8676E-02 1.0004E+00 4.4897E-03 1.0)33E-02 8,329-•-01
9.1573E-02 8.0447E-02 1.0001U+00 5.1881E-03 1.1638E-02 8.4373E-•i
9.7426E-02 8.2185E-02 1.0001E+00 5.9863E-03 1.2920E-02 8.5590E-01
1.03218-01 8.3842E-02 1.0001E+30 6.8842E-03 1,4358E-02 B.J30E-01
1.0887E-01 8.5423E-02 t.0002E+00 ".8819E-03 1.63372-02 8.83688-01
1.1437E-01 8.68568E-,02 1.0002E,.00 8.9959E-03 1.88578-02 8.9878E-01
1.1966E-01 8.8016E-02 1.0003F-00 !.324-Z-02 2.2019E-02 9.108z-01
i.2471E-01 8.9013E-02 1.00041-•00 i.1623E-02 2.6019E-02 9.3013r ii
1.2950E-0l 9.0028E-02 1.0003,+00 1.31708-02 2.069E-02 9.4546E-01
1.3401E-01 9.1073E-02 1.0000£+00 1.48828-02 3.6665E-32 9.5926E-01
1.3823E-01 9.2007E-02 1,0r02E+00 1. 6761E-02 4.34278-02 9.7096E-01
1.4216E-01 9.2380E-C2 1.0004E+00 1.88409-02 5.0952E-02 9.8124E-01
1.4578E-01 9.1168E-02 .1 007 Z '0 2,1118-02 5.8981E-02 9.8987E-01
1.4911E-01 8.8200E-C2 1.0004E+00 2.3629E-02 6.6410E-02 9.9641E,-01
1.5217E-01 8.38I0E-02 9.5912E-01 2.035SE-02 1:1677E-02 9.99S9E-01
1.5494.-Ol 7.a333E-02 9.9596E-0] 1.9299E-02 7.31149-02 9.99848-01
1.5745E-,01 7.2256E-02 j.9072E-01 3.2492E-02 6.7334E.02 9.9891E-01
1.5973E-01 6.5967E-02 9.8312E-01 3,59348-02 6.1478E-02 9.9?598-01
1.61798-01 5.98213-02 9.73t49-01 2.9592S-02 6.eI$5E-02 ?.9971E-01
1.6364E-01 5.4057E-02 9.6229E-01 4.3500E-02 5.97118-02 1.0007E+00
1.6529E-01 4.6834E-02 9.4905E-01 4,7624E-02 6.2883E-02 9.9929E-01
1.667?E-01 4.4193E-02 9.B4648-01 5.1947- .-02 6.69118-02 '.0005E+00
1.66098-01 4.0166E-02 9,39628-01 5.645-i-U2 7.0692E-02 9. 9993-01
1.69268-01 3.6707E-02 9.0445E-01 6.1109E-02 -i.ii9-02 1.0002E+00
1.70319-.01 3.37768-02 8.8963E-01 6.5890E-02 7.807TE-02 9.998CE-01
1.7124E-01 4.1293-02 6.7544E-01 7.0767P-02 E.1351F-02 9.9973E--0l
1.7205E-01 ".9201E-02 8.6212E-01 3 5726C-02 0 4259E-02 1.00013+00
1.72799-01 2.7434L-02 4.4919e-01 8.068le-02 8.080E-02 1.0003EF70
1.7343E-01 2.5938E-02 8.3050E-01 8. 5.6 E-02 8.8949s;-02 1.0001f;00
1.7400E-01 2.4563E-07 8.2752F-01 9.0508E-02 9.0897E-02 1.00(-,.f00
1.14508-01 2.3252E--02 8.1602E.01 9.33149-02 9.27"23E-2 1.00038#U0
1.7495E-01 2.1129E-0V 8.03800-01 9.19709-02 ).4305P-02 1.00028o00
1.75353-01 2.0606E-02 7.9077E-01 1.04468E.01 9.5769E02 1.0004&#00



1.08802-01 9.699'E-02 1.00042+00 1.06922-02 i.14772-02 9.51157 0!
1,.2 2E-01 9.8049E-02 1.0001E+00 1.2105E-02 4.7939E-,02 9.6385E-01
1.1681E-01 9.8839E-02 1.00022+00 1.3052E-02 5.52432-02 9.7482E-01
1.2049E-01 3.9205E-02 1.0 of,6s+0 1.5381P-02 6.31342-02 9.8402E-01

.2391.M -01 9.9415E-02 1.1110E+00 172609-02 7.1236B-02 9.9121Z-01
1.2711E-01 9.5265E-02 1.0008E+00 1.93398-02 7.9057E-02 9.9572Z-01
1.3007E-01 9.O534E-U2 9.9956E.01 2.1600E-02 8.5981E-02 9.9846E-01
1.3279E-01 8.4881E-02 9.9696E-01 2.40612-02 9.1189E-02 9.9915E-01
1,3529E-01 7.8667E-02 9.9245E-01 2.673Sg-02 9.3959E-02 9.9899E-013
1.3758E-01 7.2242E-02 9.86279-01 2,96322-02 9.5113. 02 9.9549E-01
1.3966E-01 6.5969P-02 9.7809E-01 3.2725E-U2 9.5659E-12 1.00040+00
1.4154E-01 5.984I2-02 9.6789E-01 3.6334E-02 9.5791E-02 1.0012E+00
1.4325E-01 5.4276E-02 9.5589E-03 3.95422-02 9.6733E-02 1.0005:+00
1.4470P-01 4.9297E-02 9.4249E-01 4.32502-32 9.6455E-02 9.9999E-01
1.4618F-01 4.49102-02 9.2827E-01 4,7141E-02 9.4026E-02 1.1013E400
1.4743E-01 4.1103E-02 9.13712-01 5.1.82E-02 8.7383!ý-02 1.0008E+00
1.4054E-01 3.7825E-02 8,99262-01 5,5372E-02 7.9877E-02 1.00082+00
1.4954E-01 3.5035E-02 8.8524t-01 5.9679E-02 7.8998E-02 1,0016E+00
1.504ZE-01 3.261±E-02 8.7184E-01 6.4069R-02 8.10412-02 1,000+00
1.5122E-01 3.0556E-02 8.5921E-01 6.8509Z-02 8.4752E.-G2 1.0010E+00
1.5193E-01 2.8797E-02 8.4744E-01 7.2949E-02 8.7937F-02 1.00022+00
1.5257E-01 2.7299E-02 8.365SE-01 7.73892-02 9.06752-02 1.0010E+00
1.53132-01 2.5921E-02 e.26069-01 8.1778E-02 9.2971E-02 1.0011E+00
1.5363E-01 2.4-51E-02 8.15092-03 8.6085E-02 9.4t52E-02 1.00082:00
1.5406E-01 2.3240E-02 8.0342E-01 9.027SE-02 9.6450E.-02 1.0009F+00
1.5446E--Ol 2.1891E-02 7.9093E-01 9.4316E-G2 9,7746E-02 1.0008E,00
1.543iE-01 2.0524F-02 7.7744E-01 9.8207E-02 9 8686E-02 1.0008E+00
I.55112-01 1.9117E-02 7.6260E-01 1.0192E-01 9.9222E-02 1.0008E+00
1.5539E-01 1.76442-02 7.4591E-01 1.0542E-01 9.9086B-02 1.0004E400
1.5563E-01 1.6tiSOF-02 7.26-11 01 1.0873E-01 9.7175E-02 1.0007Et00
1.5584E-01 I.42I7E-02 7.0200E-01 1.118a2-01 9.353E-02 9.991IE-6;1
1.5602E-01 1.20679-92 6.6859E-01 1.1472E-01 8.8668E-02 9.9851E-01
1.56i9E-Cl 9.1702F-03 C.1'03E-O! 3.1740E-01 b.3086E-02 9.9522E-01
1.56349-01 5.7021E-03 5.0442E-01 1.1986E-01 -1.7099E-0n2 9. 903E-01
1.5642E-01 4,5119E-03 3.7369E-01 1.2212E-01 7.1064E-02 9.83512-01

F'LCON RESULTS O2D) XiXRE - 6._51 1.24202-U1 6.5207E-02 9.7492E-01
Y/XREF Pl'/PTINF TT/TTINt 1.26092-01 5.9645E-02 9.6471E-01

O.OOOOE'00 4.3856E-03 3.7369E-01 1.2781E-01 '5.4495E-C2 9.5309E-01
6.6505E-05 4.8164E-03 4.7246E-01 1.2935E 9. 4.9818E-02 9.4031E-01
1.99462-04 6.3653E-03 5.8950E-01 1.30.7E-01 4.56473-02 9.2672E-01
3.4910E-04 7.8176E-03 6.5669E-01 1.3203E-01 4.157]E-02 9.1270E-2i
5.3209B-04 5.0366E-03 6.9038E-01 1.33169-01 3.8758E-02 8.9862E-01
7.31552-04 1.0097E-02 1.2799E-01 1.3419E-01 3,.5963E-02 0.4478-01
9. 643!-04 1.1060E-02 7.5104E-0! 1.3511E-01 3.3533E-02 8.7131.-0!
Io213SE-03 1.1914E-02 7.7014E-01 I.3592E-01 3.1421S-02 8.58582-01
1.4 95E-03 1.2872E,02 7.8664E-01 1.36652-0) 2.9582E.-02 8.46478-01
1.81252-03 1.3777r-02 8.0132E--01 1.3730E-01 2.797SE-02 6.3511E-01
2.1783P-03 1.4707E-02 8.14-io-01 1.37882-01 2.65759-.02 8.2451E-02
2.59392-03 1.5673E-02 0.26"7E-01 1.38416-01 2.5293V-02 8.14262-01
3.0596--03 1.66912-02 8.3924Z-01 1.38862-21 2.4034E-C2 4.036,1--01
3.5730e-01 1,7760E-02 8C0789-01 1.392--01 2.2760E-02 -. 9229n-01
4.570GE-0) i.M956E-02 8.59152-01 1.39652-01 2.1467e-02 7.8032E:-01 .
4.80552-03 2.0423E-02 8.7027E-01 1.3996E-01 2.014)E-02 7.A92E-0i

. 53'71.-63 2.2293E-02 8.82462-(03 1.40249-01 1.n781E-02 1.52396-01
6. 3519-03 2.4660E-02 8.9559E"*1 1.4051e-01 1 .3*17E-02 7.3598E-01
t,2665E-01 2.7644EJ02 9.093BE-02 1.40739-01 1.5772E-O' ).163F.-01
3.29759-03 3.1369.-02 9 ?349F-01 1.4093e-01 ).3983t-02 6. 9A2 0F-
9.42822-01 J3.,542-02 ý33752E-01 1.4112E-0 1 1809E-02 6.51490F,•(11



1.4126E-01 8.930?E-03 6.0395E-01 1.0790E-01 6.64950-02 9.8477E-011.4139E-01 5.6059E-03 4.9535E-01 .l-I8XE-01 6.19062-02 9.7713E-01
1.4146E-01 4.5294E-03 3.7369E-01 1.1227B-01 5.7420E-02 9.69102-01FALCON RESULTS (2D) X/XREF - 6.65 1I1419E-01 5.3133E-02 9.5774E-01Y/XREF PP/PTINF TT/TTINF i.15959-01 4.9102E-02 9.4615E-01
O.0000E+O0 4.60019-03 3.7169E-01 1.1755B-0i 4.5379Z-02 9.•3S4E-01
6.6505E-05 5.3864E-03 4.8662E-Oi 1-.199E-01 4.1984E-02 9.2023E-011.995GE-04 7.9071g-03 6.0049E-01 1.2031E-0 3,8515E-02 9.0652E-01
3.4918Z-04 1.0161E-02 6.6120E-31 1.2149E-01 3.6172P-02 e.9267E-015.1544E-04 1.19239-02 6.9871E-0l 1.22552-01 3.371SE-02 8.7891E-01
7.ý505E-04 1.33739-02 7,2574E-01 1.2352E-01 3.,1531E-02 8.6545E-019.3122E-04 1.4647E-02 7.4722C-01 1,243(E-01 2.9582M-*02 8.5241E-01
1.1806E-03 1.5821E-02 7,6537E-01 1.251SE-01 2.7847E-02 8.3988F-011.4467E-33 1.6941E-C2 7.81351-u1 1.2583E-01 2,6303E-02 8.2795E-01
1.7626E-03 1.8035E-02 7.9579E-01 1.2644E-01 2.4927E-02 8. 1 666E-012.0951E-03 1.9123!-02 8.09074-01 1.2701E-01 2.3701E-02 -. 0604E-01
2.4942z-03 2.0216E-02 8.2139E-01 1.2 '49E-01 2.2584E-02 7.9591E-012.9266E-03 2.1329E-02 8.3292E-01 1.2792E-01 2.1495E-02 7.8556E-01
3.4254E-03 2.2455E-02 8.4362E.n1 1.2632E-0O1 2.038O0-02 7.744'E-013.9742E-03 2.3692E-02 8.5429E-01 1.2M67M-01 1.9239E-02 7,6250E-014.5894E-03 2.5169E-02 8.6576E-01 1,2897E-01 1.806SE-,02 7.4953E-Ol
5.2713E-03 2.6943E-02 8.779E-01 Lý2925E-01 1.6838E-02 7.35170-016.152$E--03 2.9077E-02 8.9081E-01 1.2949F-01 1.5530E-02 7.1834E-016.9009E-03 3.16SOE-02 9.04292-01 1.2970E-01 1.4088E-02 6.9942E-01
7.P653E-03 3.4745E-.02 9.1744E-01 1.2990P.01 1,2423E-02 6-7480E-01
8.929bE-03 3.8452E-02 9,3047E-01 1.3007E-01 1,0383E-02 6.4042%;-01
1.01102-02 4.28702-02 9.42)42-01 !.13022E-01 7.7105E-33 5.8396L-011.1424E-02 4.8058E-02 9.5469E-01 1.3035E-01 4.8424E-03 4.7744E-011.2870E-02 5.4038E-02 9.65672-0) 1.3042E-01 4.3485E-03 3.73 9O. -01
1.4467E-02 6.0809S-02 9.7605E-01 FALCON RESULTS (2D) XREF 6 6,791.6229E-02 6.8200E-02 9.84989-0! Y/XREF Pýi'TR;P' TV/,TIN_
1.8142E-02 7.6354E-02 9.9175E-01 0 CO0O0E00 4.6399E--03 3.7 (-32 -12.0237E-02 8.44702-02 9.9552E-01 -i65 5 4 E-05 5.5511E-03 4.9252E-012.2515E-0 1 9.3275E-02 9.9)752-01 / 2.1617E-01 E.3205E-03 6. V14 .'0;2.4976E-02 1.0225E-f' 9.991I1-01 O 3.6583E-04 1.07335-02 6.6254E-01
24ý6362-02 1.09667-01 1.00042•0o 5.32092-04 1.2594E-02 6.9836F-013.G480E-02 1.1530E-01 1.0OO0E400 7. .,5M-04 1.4120R-02 7.2418E-:)1
3.352% .. 1.1896E-01 9.99!2E-01 56442F-04 1,5462L-%' 7.417)e-013.6732E-02 1.2092E-01 9.9965E-01 I.2118F-03 i.bM9E-02 7.62219-01
4.0124E-02 1.22W0E-01 9.;969E-o0 1.4565E-03 1.78742-02 7.77592-014.3283Z-C2 1.2291E-01 1.0000E+00 .7959E-03 1.902le-02 7.9154•-00
4.7391E-02 1.2311E-01 1.0002E+00 2.1617E-03 2.0155E-02 8.0ý1)E-015.1215E-.02 1.228u-0o1 9.99812-01 25 E-0? 2.128",'-02 8,16i0:-09

.5140F-02 L.21?52-1 1.0CC0E+O0 3.0097E-03 2.24 7E-,f2 9.2748i- 05.ql31E-02 1.1671E-01 1.0003r+00 3-5085E-03 2.,578E-02 -.379qE-016.318R8-02 1.1595E-01 1.001.60oo 44,0573E-03 2;8369-02 8.-i69•-0*
6..24,E-02 1.11222-01 1.00272E00•" ý,692Z-13 2.63?32-,- 8.59289-017.128Q2-02 1.03809-01 L.001S+c e75 --05 2.80862-02 8 7210E-01
7.52776-.2 9.5506p-02 9.9985E--0l 6. 1 91E-03 3. 0180R-I,2 R.4S(3 '-017.9231E-02 8.9121E-02 9.99fll-oi •,0504E-03 1.2t,, 02 8.9647E-01
8.3026E-C? 8.6593E-22 1.0000E+oo 8.0149E-03 I 5623r-02 9.1221E-018.6134E-02 8.6122E-02 3.0OO082.0 9.0 WE-03 3.9106r-02 . 756C.'-0l19o029.2-o2 8.518.,o-oz 1.3912E+03 I 0293E-02 i.3i7S•-0? 9.33i92-01
9.3684E-02 U.47?ýE-02 I 0019E+oC 1.161'2-0? 4.7869F-.02 9.5189E--o09.,6894E-3.' 8.. Z267C-0' 9.9921E-01 I...s, 3 5183Z-02 9.632RE-01
4.993 1E- 0 2  7.9275P-02 9..77qr-01 1. 4682-02 5.909eE-02 9.730)F-01
1.0274E-01 7.54302E-0 9.90462E- 1.644 5-Q2 6,5526F-02 9.C011I9-01

rl,4EO 7.11.0,)-a 9. n36f..-23 1.9354F-'~2 ').2Ž$7'F-52 9.ý"Pqz-nj



2.0470V-02 "..9058Z-7 9.9296E-01 O.O0000+O0 1.OOOOE+O0
2.274CE-02 8.5b55E-02 ý'.9681E-O1 6.8827E-04 5.4476E+00
2.5209E-02 9.1613S-02 9.9942P-O1 2.15 3E-03 5.0597E+00
2.7853E--02 9.6641E-02 1.0CI2E+UC 4.0054E-03 4.3464E+00
3.O696E-02 9.9936F- 02 1.0018E+00 6.1(41E-03 4.0463E+00
3.3722E-02 1.0158E-0i 1.C0108+00 8.7435E-03 3.6650E+00
3.6915P-02 1.0222E-01 1.0002E+00 1.1825E-02 3.7032E+00
4.0291E--02 1.0273E-01 9.9982P-Ol i..505E-02 3.5913E+00
4.3816E-C2 1.0391E-01 1 OOOOE+00 1.989! n2 3.5082E+00
4.7491E-02 1.0641E-01 9.9996E-01 2.51459-02 2-4424E+00
5.1299E-02 1,1004E-01 1.0001E+00 3.1401E-02 3.3,37E+00

5.5190E-02 1.1391E-01 1.0006F+00 3.8862E-02 3.3270E+00

5.9147E-02 1.1704E--O1 9.9980E-01 4.7753E-02 3.2888E+00

6.3155K'-02 I 1880E-01 9.9921E-O0 5.8339E-02 3.2560E+00
6.717TE-02 1. 201E-31 9.993q-D? 7.0933E-02 3.2210E+00

7. 1F6E-02 1.2046E-01 9.9931E-01 8.5899E-02 3.195'E+00

7.5144PE-02 1.2076E-01 9.9923E-01 1.0366E-01 3.1736E+00
7.9035E-02 1.2048E-01 9.9905E-01 1.2471E-01 3.1502E+00
B.;843E-02 1.1962E-0; q.9972E-01 1.4962E-01 3.1326P+00
6.6518E-02 1.1745E-01 1.0009E00 1.7902E-01 3.1159E+00
9.0043E-02 1.1288E-01 1.1j'Y21E+00 2.1364E-01 3.1003E+00

9,3418E-02 1.0364E-01 1.0037E+00 2.542CE-01 3.0880E+00

,".6628E-02 9.1784E-02 9.92C3E-01 3.018LE-C1 3.0749E+00

9.9637E-02 8.0031E-02 9.88222-01 3.5728E-01 3.0651E+00

1.0248E-01 6.9515E-02 9.8683E-01 4.2160E-Ol 3.0544E+00

1.0512E-01 6.1900E-02 9.7874E-C! 4.S578E-03 3.0465E+00

1.0760E-01 S.5352E-02 9.6992E-01 5.8085E-01 3.0382E+00

1 0988E-01 5.0346E-02 9.5991E-01 6.7767E-01 3.0318E+00

1.i198E-01 4.6019E-02 9.4874E-01 7.8702E-01 3.0252E+00

11390E-01 4.2311E-02 9.3607E-01 9.0937E-01 3.0202E+00(

1.1565E-01 3.8926E-02 9.223SE-01 1.0449E+00 3.0150E+00
1.1726E-O1 3.6C60E-02 9.0884E-01 1.1933z+00 3.0112EO00

1.1873L-01 3.3496E-02 8.9520E-Oi 1.3538E+00 3.0072EO00O
1.2004E-01 3.1219E-02 8.8157E-01 1.5250E+00 3.0043E+00

1.2124F-01 2.9185E-02 8.6815E-01 1.7052E+00 3.0015E+00
1.2232E-01 2.7364E-02 8.5503E-01 1.80'OE+00 2.9992E+00

1.2328E-01 2.5720E-02 8.42319-Cl 2.0825E+00 2.9893E+00
-. 20369-01 2.4236E-02 8.2996E-01 2.2739E+00 2.9134E+00

1.2495E-01 -. 2895E-02 8.1798L-0! 2.4632E+00 2.9781E+00
1.2566E-01 2.16809-02 8.0646E-01 2.6474z+00 2.9966E+00
1.262Z8-01 2.05762-02 7.9547E-01 2.8240E+00 3.0282F+00

1.2682C-01 1.9574E-02 7.8504E-01 2.9100E,00 3.0599E+00
1.2732E-01 3.860v7-02 7.7518E-01 2.9100E+00 3.0292E+00

1.2777E-01 1.7790E-02 7.6541E-01 2.97882+00 3.0599E+00
1.2817E-01 1.6894E-02 7.5501E-01 3.1207E+00 3.1480E+00
1.2854E-01 1.5960E-02 7.43712-01 3.2691E+00 3.1693E+00
1.2885E-01 1.4982E-02 7.3132E-01 3.42052+00 3.1737E+00

1.2912E-01 1.3945E-02 7.1746E-01 2.5705E+C0 3.1743E+00
1.293!E-01 .2822Z-02 7.0145E-01 3.7166E+00 3.1733Z+00
1.2960E-O1 1.1565E-02 6.8?03E-0i 3.8540E+00 3.1725E+00
1.29S02-01 1.010!E-02 6.5711E-01 3.9805F+00 3.1"14E+00
1.2997E-" 8.2995i-03 6.2156P-01 4.09446.00 3.1'714E+00

1.3013E-01 6.0193E-03 5.6322E-01 4.1950E+00 3.174,7tE00
1.3021E-01 3.8354E-03 4.6015E-01 4.2825E+00 3.1 5.7E00
1.3033E-01 3.3283E-03 3.7369E-01 4.357OEL0P 3.07680E00

FALCON RESULTS .20) RAMP SURFACE PRESSURE 4.4198E+00 3.1775E+00
X,'XREF P/PZEfO 4o4724E+00 3.1704E+00

4.5156E+00 3.17942+00



A257

4.5510E#00 3.1839E +U, 4.78022+00 3.2127E+00

4.5800E+00 3.i923E+J0" 4.7837E+00 3.2127E+00

4.6034E+00 3.18379+00 4.7908E+00 3.2128E+00

4.6222E'30 3.1848E+00 4.79882+00 3.2126E+00
4.6375E+00 3.i8619+00 4.8074E+00 3,2123E+00

4.6496E+00 3.1871E+00 4.817]2+00 3.2120E+00
4.6593E+00 3.1878E÷00 4.8277E÷CO 3.21172+00

4.6671E+00 1.A2972,00 4.8392E+00 3.211 IE+00
L.6734E+00 3.18902ECO A R518E+00 2.2103E+OC
4.6782E+00 3.1897E+00 4. bb;- ,60 3.2098E+00
4.6822E+00 3.1900E+00 4.88042+00 3.2089E+00

4.6854E+00 3.1910E+00 4.89672+00 3.2079E+00

4.6879E+00 3.1903E+00 4.9144E400 3.2067E+00
4.6899E+00 3.1915E+00 4.9333E+00 3.2059E+00

4.6914E+00 3.1907E+00 4.9538E+00 3.205V•+00
4.6927E+00 3.1914E+00 4 9757E+00 3.204,5E+00

4.,'937E+00 3.1920E+00 4.9993E+00 3.20402+00
4.6944E+00 3.1927E+00 5.0244E+00 3.2034E+00
4.6950E+00 3.1909E+00 5.05122+00 3.2033]£00

4.6955E+00 3.1926E+00 5.0793E200 3.2030E+00

4.6959E+00 3.19312+00 5.1091E+00 3.2026E+00
4.6962E+00 3.1938E+00 5,1403E+00 3.2029£÷00
4.6965E+00:. 3.1938E+00 5.17Z9E+00 3.2024E+00
4.6967E+00 3.1950E+00 5.2061-2+00 3.2022E+C0
4.6969E+00 3.1947E+00 5.2419E+00 3.2026EI-00
4.6969E+00 3.1948E+00 5.2780P+00 3,1034E+00
4.6969E+00 3.1947E+00 5.31492+00 3.2033E+0O
4.6970E+00 3.1948E200 5.3523E+00 3.2030E+00
4.6972E+00 3. 954E+00 5,3903E-00 3.2032E+00
4.6974E+00 3.1956E200 5.4285E400 3.2031E+00
4.6975E+00 3.1957E200 5.4666E200 3.2026E+00
4.6q79E+00 3.1971E+00 5.50479+00 3.2026E+00

4.6982E+00 3.1974E200 5.5421E+00 3.20?6E+00
4.6987E+00 3.1997E+00 5.5190E+00 3.2020S+00
1.6994E+00 3.1999E+00 5.61512+00 3.2018E+00

4.7000E+00 3.2018E+00 5.6502E+G0 3.2118E+00
4.7008E+00 3.2025E+00 5.68412+00 3.2015E+00
4.7020E+00 3.2049E+09 5.7168E+00 3.2007E+00
4 1033E+00 3.2060E+00 S.74812+00 3.2V04E+00
4.7050E+00 3.2072E+00 9 70 3.2002E+00
4.7070E+00 3.2093E+00 19+00 3.1408)E00

4.7093E200 3.21,•Z+00 .9E+00 3.2028E+C-
4.7120E2OO 3.2129F+00 '.199E+00 3.199-6+00
4.7153E+00 3 ?iA1.+00 5,93372•CC 1.2028E200
4o7102E+00 ?. 5.2613E20b 3,2078E+00
4.7'•3E+00 3.2181E+' 5.8891E+00 3,2100E+00
4.7280E+00 3.2195E+00 5.9167-400 3.209CE+0G
4.73312+00 3.2198E+00" 5.9443E+00 3.2073E+00
4 7384E+00 3.2137E>00 5.9719E+00 3.1Q84L700
4.74419+00 3.2195E+0I .9997Z+00 3.16052+00
4.7497+E30 3.21882400 6.02i3g+00 3 06f5E+00
4.7S55FI00 3.2176E+00 6.055:E+ 2.9524E+00
4.7600E.+03 .2169F+00 6.0828E+(' 2.84712,OC,
4.165V2.00 3.215-E+00 6.11n''.00 2.7376+.0C
4.77•52÷00 3.2143F+00 4 ' 4.tO0 2.6532F1100
4.7747E+00 3.21 lr4o0 6.±t60E+00 2 88833.:00
4.7183F.+0on 1.?27E+.'• t..1939L0C 4.2 3 f: *c
4.7802Z+00 3.2121E )0 6.2217E÷ntO 7.21J£.700



6.Z74#34i-0 : 1.051+01

6.30529+00 1-41771402
6. 333-19--00 1* SflSE+tl

L.374?f8+OG 1 .8042E+01

6.37427tdJ60 1.6:,91+01
6.38812+00O 1.80429401
6.41PE22400 1 .9

6
;9rL'01

6.4442Ft-0 7- 1SC4E+0,
6.4:21E+00 .-.3542E,-01

6.5280E+00 2.8038E401
6.5555L+00 3.06-36E+01
6.;$37E+00 2.9499E+C1
6.G611~- 2. 5319+01
6.E.s;lE+OO 2.105lr6E401
6.66,672+00 2.11382401j
6.E943F+00 2.7304E201
6.7219E+00 2.7327E+01
6.7495E+01, 2.7294E201
6.77712E+00 2.7!73E+01
6.S0452.010 2.74092ý01
6.83212'00 2.74482ý01
6.854372.00 2.74992+1
6.8872E.00 27'5492+01l
6.91482+00lf 2.7586E+31
6. 92662:+00 2.7416Z+01
6.v9?6E.0A' 2. 7586Cý,O
6.94122+00 2.7416E-01

6.966-62+70 ?.tSS(EE.01
_,9919F4.00 2.6269E.01

7.0174r0±50 2.560j2Z4C01
7.C4222,E00 2.47322402'
7.06'9E,00 2.3676L401
7.0932E+00 ,.246.IE+01
7.l1852'O 0 .1.58O
7. 34362.00 1.9747E+01
7.1630F*00 1.84152ýDi

7,19-49F40:; 1.7298F+01
71.2191E+03 I.u-3342+U1
7.2440EP00 3.555l2q02
7.2691E+00' 1. 49,16P+01

7.29408+00 1.44902+01
7 . 190200 1 .41 932E+01
7. 3,39P.> 0, ',.3994E,01
7.3687f6*00 !,888E.01
7 .3 93 5 2? 0Cl iJ40lEý01
7.4183E*00 IA134E401
7.4)072E+00 1.4134E.01



FALCON RESULTS O3D) Xtl'.EF - 5.67 4.4542E+00 1.1607E+01
XIXPAZF PTIPTII.% TT/TRrPEF 4.4597Bi0O 1.057924-01

O.0000a+04 5.0866Z-44 3.7369E-01 4. i666E+00 1.0206E+01
1.4966V8-04 5.33~739-n4 4.1028r-01 4-47479+00 9.3055E+00
4.988:§-04 6.82188-04 4.7093E-01 4.4845Et00 8.4606E+200
9.810,2E-04 1.09859-03 5.3219V-01 4.49CZE+00 7.5988S2+V~- -
1.6130E-03 1.6323Z"03 5.S641E-U1 4.50965'*00 7,753' ' E00Cý
?.46]CE-03 2.14091-03 lE..543E.-01 4.5253F+00 7.42,04F.+00
3.5751E '3 *.6247?.-03 6.5517E-01 4.5429Ei00 l..'893F+00
3 .0 -17?1-03 3.06IOE-C3 6.7863E-01. %.5623E+00 7.24329+00.
7.03382-01 3.5590L-03 7.0194E-01 4.58382E0u 7.1589s-oo
9.6278E-03 4.1"99-03 7.2773E-01 4.606,4E+00 7.12QIE+o0
1. .3-120E-02 5.3A4E-03 1.57002-01 4.6298E+00 7.0957E+00
).7443E-02 6.18249-03 7.896,E-0! 4.C~36E+00 7.0735E+00
2.3147E-02 7.691SE-03 8.252)F-01 4.6771!t+00 7.95#4pF,00
3.0447E-02 9.67502-03 S.6544E-01 4.6995E2+00 7.0618E+00
3.962S-02 1.22S0E-02 9.0270E-31 4.7206E+00 7.09f442+00
5.40162-02 1.S5slgE-02 9.4079E-01 4.7401E+00 7.1233E+00
6.48S32-02 1.9513E-02 9.73472.-01 4.7576E+00 7.ý479F+O0
B.;1132.-02 2.Z341E-02 9.8§05E-01 4.7730E+00 7.1529E+0Al
q.9770E-02 2.3539E-02 9.§6ý7E-01 4 .7837P-;00 7.4262F.+06
l .2039E-Vi 2.4377E-02 9.992.3E-01 4.7908Fv00 7.4409E+00
1.4274E-01 2. ,ql;E-02 *7. 9~.51E-'n1 4.798$E+00 7.4650E+00
1.64;SE-01 3.85272-02 9.90r)E-01 4.6076E+OC 7.5456E+00
I - 670E- ,, 4.7153E-02 1.0010F+00 4.8172E+00 7.54459+00
2.0734r2-07 6~.226!E-02 1.0013E+00 4.827?E+00 7.5784E+00
2.2600E-fl1 5.6303P-02 1. 001 2P0Oo 4.8394E+00 7.6;&?)E+0O
2.4229E-01 5I.96qlE-02 i.0013Eý00 4.BS18E+~i~ 7.6687E+00
2.5640SE-01 6.2410F.-02 1.0013Eý00 4.8656E+JO 7.7076E~+00
2.6747C-01 6.4076E-02 1.0008E+00 4.88062+00 7.7363E+00
2.736662-01 6.3810E.02 1. 000:)E.00 *18969E"O'1 RI.0360E-'00
2.8396E-01 6.0669Ei-02 1.O0o010.co 4.q145E400 3.2?47E2+00
2.8q67E-31 5.3Ri7-02 j 00i5FCO 4.13369+00 8.2466E-00
2-9409L-01 4.4f408-02 .L 00122.00 4.9541E+00 8.31,14E+00
2.97488-0l ?63M7-02 9.915oWý_01 4.1?62E+0V, 8.3759E,00

3.020ýP8-O 2,4358!'-02 9.5714E-Oý 5.0249!2+00 9.0786F400
3.0353E-01 2.0234E-02 9,2240E 01, !.O.SL52+00 9.Z323E+00

3. 0402- 01 .63 -02 8. 90612 -Ci ,.R0,09 3~0
3.0550E-01 1.4546E.-02 8.5737E-0: 5.1097p+00 9.41072.00O
3.0613E-01 1.18147r-02 R. 2123ý:,oi 5.14).DE+O0 9.4693E+00
3.0661F,-01 0. 7944E243 -1. 6-01E-ol 5.1'136E+00 1.07.96Z+01

'626E-01 4.6159E-03 6.747i32-01 5.1107S2+00 1.0510E+01
'3.01113E-01 2.4067-03 3.7369n-01 s.2?7&F§Oo 1-065?F+0)

FALCCN R2.S' j3VI COWLi SURFACE PRESSIJRE 1-7780 0lfj6F.,0i

"".i'' 38001L01
4.4358E+400 03.39092.01 5.39124+0 1.1964S+01
4.1361,E+00 7.8677F+01 S, 4293-'-.0 ).ý376z.0:
4.4361E+00 5.9447E+07 2E6f4Et00 1.30349+01
4A!363E+00 4 7ý 1;0 52C532IPOO 1.32442.01l
4J436s52.t, 3.6-9S2+ol !).-542 E+UO ". 3556B401
4.4373E4(C 2.2045S201 5.5797E-00 1. 4.3932+01
A.AME4200 1 .ýl82E.01 5. 61.5?2+0 1 I.-46'13,:'. 0
4.44049+00 1_4i06iE41 5.6507P-+00 1.4801z+01
4.4429F200 1 .3703FCl 5.6646ExOO 1. 4934Es 01
4.4409z.00 1.2q6gz+o1 5 7112E+00) 1.5912r+01
4.449fz+00 !.Z,213F+0j 5.7483240(, 1.2?5ýF.01



:4V

5.7789E0+00 1,6372E+01 7.3175E+00 18663E+01
5.8063÷+00 1. 641E+01 7.3426E+00 1.8553E+3Ia
5.8199E+00 1.6405E+01 7.3677E+00 1.8219Z+Cl
5.8337E+00 1.6405E+01 7.39289+00 1 .7992E+01
5.8615E+00 1.6866E+01 7.4179E+00 1.72839+01
5.8891E+00 1.7469E+01 7.43048+00 1.7283E+01
5.9i67E800 1.8018E+01 FALCON RESULTS (3D) X/XREF - 5.78
5.4443E+00 1.8425E+01 XIXREF PT/PTREF TT/TTREF
5.9719÷+00 1.86198'03 0.0000E+00 5,0688E-04 3.7369E-01
5.9995E+00 1.8728E+01 1.497"-04 5.2989E-04 4.0821E-01
6.0270E+00 1.8863E+01 4.9889E-04 6.7262E-04 4.6647E-01
6.0546E+00 1.9057E401 9.6442E-04 1.0445E-03 5.2583E-01
6.0822EM00 1.93449+01 1,579-,E-03 1.5684E-03 5.7989E-01
6.1096E+00 1.9725E+01 2.3945k-03 2.0686C-03 6.1927E-02.
6.1372f1+00 2.0179E+01 3.4919E-03 2.5338E-03 6.4940E-01
6.1646E+00 2.0683E+01 4..220E-03 2.9617E-03 6.7316E-01
6.1921E+00 2.1297E+01 6.8176E-03 3.4317E-03 6.9659E-01
4.2195E+00 2.1936E401 9.3119E-03 4.0319E-03 7.2256E-01
6.2470E+00 2.2453E+01 1.2554E-.02 4.8291E-03 7,516!Z-01
6.2744E+00 2.2926E+01 1.6761E-02 5.89091-03 7.8369E-0O'
6.3018E+00 2.3354E+01 2.2182E-02 7.2918E-03 8.1026F-01
o.?29'!+00 2.3540E+01 2.9083E-02 9.1168E-03 0.5492E-01
6.3585E+00 2.3518E+01 3.7130E-02 1.1487E-02 8.9302E-01
6.3881E+00 2.3511E+u1 4.8405E-02 1.4541E-02 9.3093E-01
6.4157E+00 2.34812+01 6.12769-02 1.83158-02 9.6603E-01
6.4435E+00 2.3336E+01 7.b424E-02 2.1662E-02 9.8487E-01
6.4711E+00 2.3162E+01 9.37018-02 2.3354E-02 9.9453E-01
6.4989E+00 2.3010E÷01 1.1276E-01 2 5762E-02 9.9617E-01
6.5265E+00 2.2785E+01 1.3301E-01 3.4198E-02 9.9544E-01
6.5543E+00 2.2499E+01 1.5366E-01 4.5490E-02 1.00048+00
6.5820E+00 2.2107F+01 1.7392E-01 5.1745E-02 1.0012E+00
6.6096E+00 2.15e1E+01 1.9297E-01 5.6284E-02 1.001iE+00
6.63748+00 2.0944E+01 2.1025E-01 6.0191E-02 1.0014E+00
6.6650E+00 2.0223E+01 1.23407-01 6.3386E-02 1.0016E+00
6,6928E+00 1.9401E+01 2.3829E-01 6.5633E-02 1.0013E+00
6.7205E+00 1.8641E+01 ?.4814E-01 6.67101-02 1.0008E+00
6.7481E+00 1.7836.E+01 2.576!E-01 6.6362E-02 1.0005E+00
6.7759E+00 1.6881E+01 2.6419E-01 6.3647E-02 1.0003E+00
6.8035E+00 1.6427E+01 2.6991E-01 5.6866E-02 1.0018E+Q0
6.83112+00 1.5631E+01 2.7414E-01 4.7492E-02 1.00102+00
6.85R92+00 1.3689E+01 2.7738E-01 3.S824E-02 ý.9212E-01
6.8967E+00 1.1903E+01 2,7987E-01 3.18219-02 9.7567E-01
6.9146E+00 1.1554S+01 2.8177E-01 2.62j8i-02 9.5215E-PI
6.9410E+00 1.2325E+01 2.9'203E-01 2.1877E-02 9.2342E-01
6.966!E+00 1.3399E+01 2.8428M-01 i.?420S--02 8.9188Z-01
6.9912E+00 1.5022E+01 2.8511E-C1 1.5609E-02 8.5921E-0l
7.01642+00 1.63928+01 2.3573E-01 1.3000E-02 8.2411E-01
1.0415E+00 1.7229E+01 2.8619E-01 9.7274E-03 7.7488E-01
7.0666r+00 1.7707E÷01 2.6054F-01 5.Z173E-03 6.0387F-01
'7.0917E+00 1.7996E+01 2.8669E-01 2 7222E-03 3.7369E-01
7,1168E+00 1.8109E+01 FALCON RESULTS (3D) X/XREF - 5.94

.,14178+00 1.8193•+01 X/XREF PT/PTREF TTirTRZF

7.1658E+00 1.8278E+01 0.000OE400 5.0673E-04 3.7369E-01
7.1919E+00 1.8413E+01 1.49719-04 ' 2675E-04 i.0475E-01
-. 2171E+00 1.85618.01 4.9889-04 6.5130E-04 4.58458-03
7.2422E.00 1.8663E+01 9.4787E-04 9.7547E-04 5.1383E-01
7.2673E+00 1.87198+01 1,52988-C.i 1.4559E-03 .5.6649E-01
1.2924E+Ou 1.0733E+01 2.3113E-.03 1.9231E-03 6.0573E-01



A

3.34239-03 2.3576E-03 6.3607E3-01 1.00003-01 6.1570E-02 1.0007E.00
4.6726E-03 2.7537E-03 6.60043-01 1. 1477E-01 6.5497E-02 1.0010E+00
6.4187E-03 3.1848E-03 6.8370E-01 1.2929E-01 6.8356E-02 1.00109+00
8.6967E-03 3.7287E-03 7.09853-01 1.A300E-01 7.0757E-02 1.0011E+00

1.i64CE-02 4.44229-03 7.3897E-01 1.5556E-01 7.3021E-02 1.0012P.4-00
1.5431E-02 5.3799E-03 7.7059E-01 1,6667E-01 7.5293E-02 1.0O133tuvj

2.02703-02 6.6022E-03 8.040iZ-01 1.7624E-01 7.7030H.-02 1.0010E+00
2.6356E-02 8.1786E-03 8.3869E-01 1.8429E-01 7.7059E--02 1.0002E+00

3.3939E-02 1..0220E-02 8.7458E-01 1.9093E-01 7.4166E-02 1.00003+00
4.3217E-02 1.2868E-02 9.11233-01 1.9630E-01 6.8177E-02 1.00229+00

5.4325E-02 1.6221E-02 9.4652E-01 2.0059L-01 5.9169E-02 1.0059E+00
6.7312E-02 2.05002-02 9.'7464E-01 2.04003-01 5.02952-02 1.0015E+00

8.2045t-02 2.7489E-02 9.8447E-01 2.0666E-01 4.2107E-02 9.90292-01
9.8241E-02 4.0555E-02 9.9358E-01 2.0874E-01 3.51653-02 9.71609-01
1.1538E-01 5.1061E-02 9.99883-01 11.1035L-01 3.01119-02 5.51973-01
1.3288E-01 5.6931E-02 1.0009E+00 2.1160E-01 2.5903E-02 9.29352-01
1.5002E-01 6.1201E-02 1.0010E+00 2.1256E-01 2.19429-02 9..0065E-01
1.6622E-01 6.4643E-02 1.0011E+00 2.1329E-01 1.8877E-02 8.717BE-01
1.8095E-01 6.7470E-02 1.0014E+00 2.1.387E-01 1.5902E-02 8.37903-01
1.9394E-01 6.9488E-02 1.0013E+00 2.1431E-01 1.211OP-02 7.9170E-01

2.050G3-01 7.07b E-02 I..0009E,'00 2.1464E-O1 6.7231E-63 7.07183-01
2.1432E-01 7.1131E-02 1.00043+00 2.147!E-01 3.2796E-03 3.7369E-01
2.2191E-01 6.9455E-02 1.00029+00 FALCON RESULTS (O0 X/XREP - 6.23
2 28013-01 6.5932E-02 1.0006E+00 X/XREF PT/PTREF TT/TTREF
2.3283E-01 5.9188E-02 1.0035E+00 0.00003~00 1.2709E-03 3.7369E-01
2.3662E-01 4.95553-02 1.0014E+00 i.4961E-04 1.36883-03 4,39283-01
2. 3957Z-01 4. 1719L-02 9.9253E-01 4. 8218F-04 1.1193E-03 5.i2*72E-01
2.4184E-01 3.5128E-02 9.7853E-01 8.9791r,-04 2.14703-03 5.61,57E-01
2.4359E-01 2.b3C9E-02 9.5669E-01 1.4W6E-03 2.5826E-03 5.94589-01
2.4494E-01 2'.4409E-02 9.2770E-01 2.1451E-03 3.0331E-03 6.1911E-01
2.4595E-01 2.0483E-02 8.9619E-01 3.0596E-03 3.51883-03 6.3997E-01
2.467.33-01 1.7726P3-02 8.6875E-01 4.2236E-03 4.05673-03' 6.5959E-01
2.47333-01 1.5160E-02 8.3e1-)C-01 5.7202E-03 4,7883E-03 6.83013-01
2.47733-01 1.1322E-02 7.89883-01 7.61583-03 5.9710E-03 7.1516E-01
2.4811E-01 6.2424E-03 7.0305e-01 1.00-14E-02 7.8049E-03 7.5517E-01

2.4826E-01 3.0?,44E-03 3.73693-01 1.3087E-02 1.03373-02 7.3'659E-Cl
FALCON RESULTS (3D) X ' ?XRFF - 6.09 1.6S94S-02 1.3542E.-02 8.3647E-01

XlXK.EF P7-/PTPJIF TT/TTREF 2.1C003-02 1.73433-02 8.1821E-01
0.00003+00 4.57413-04 3.7369E-01 2.7317E3-02 2.2842E-02 9 .2 24ZE-01
1.4961E-04 4.71Sl3-04 3.9887E-01 3..4221E-02 3.1411P.-02 9.550%E-01

4.82183-04 5.64813-04 1.4414E--C1 4.2353E-02 4.11353--02 9.7559E-01

1.4799E-03 1.2214E-03 5.4466E-Oi 6.2174E--02 5.8138E-02 9.95453-Cl
2.2282E-03. 1.63993-03 ý.8443E-01 1t.35813-02 6.39C6E-02 9.9969E-01
3.1761E-03 2.02843-03 6.15453--Ol ~8. 5586E-02 6.8462E-02 1.0012E+00
4.4231E-03 ".3788E-03 6.39083-01 9548083E-02 7.23603-02 1.0009E+00
6.0361E-03 2.7532E-03 6.64109-01 1. AV-01 7.55:93-2 1.00103*30
8.1313E-03 3.2128E-03 6.9030e-01 1. 2122E,-A 1 *7.7947-8-02 1.0012E+00
1.0'192r-02 ..,8024E-03 7.1884E-01 1. 317(Z-01' 7. 983ffE-2 1.0013E*00
'.420]E-02 4.5726E-03 7.i9M0.-01 1.4106E-01 L..13732-ý02 1.0012E+00
1. 84911-02 5.60093-03 7.81303-fi1 1.49193-01 8 :24'blE-q2 1.00093+00
2.3862E-~02 7.0124E-03 P8.1552E-01 -.5607E-01 8.2082F-02 1.00003+00
3.0497E-02 9.01113-03 8.5296-1-01 i.61833-O1 7.86913-02 9.9980E-01
3.854Pý-02 1.25D1E-0' 8.9353L-21 1.U'653E 01 7.0.156E-02 1.0049E+00
4.8106E-02 1,9A00602 .9.30593-01 1.7032E-01 6.08583-02 1.00513+00
S.9214,ý-f2 3.36353-02 9.6880.-01 1 .73373.-01 S. 22696-02 1. 001E+00
7.1764E-02 4.7269E-02 9.8820E-01 1,75733-OX 4. 4909E-02 9.9105E-01
8.S487L-03 5.5809C-02 9.974!E-01 1.7'69F-01 3.8314E-02 9.74593-01



1.79179-01 3.2590C-02 9.5178E-01 1.3634E-03 1.6441E-02 8.5552E-C1
1.8034E-01 2.7629E-02 9.2297E-01 2.01203-03 1.9101E-02 8.7414E-01
1.8123E-01 2.3630E-02 8.9209F-01 2.8434E-03 2.1522E-02 8.76809-01
1.8195F-01 2.04918-02 S.6256E-01 3.8744-03 2.3429E-02 8.6863E-01
1.82502-01 1.73991-02 8.2849E-01 5.18S0E-03 2.5039P-02 8.567!E-01
1.8291E-01 1.3378E-02 7.8311E-01 6.8341R-03 2.6857E-02 8.4820E-01
1.8324E-01 7.70112-03 7.0359E-01 8.8961E-03 3.0414E-L2 8.57899-01
1.8338E-01 3.6939S-03 3.7369M-01 1.14402-02 3.7154E-02 8.9105E-01

FALCON RESULTS 3D) X/XREF - 6.37 1.4550E-02 4.7683E-02 9.3236E-01
X/XREF PT/PTREF TT/TTREF 1.8341E-02 5.9482E-02 9.5763B-01

0.0000e.+00 2.5455E-03 3.7369E-01 2.2881E-02 6.9294E-02 9.7536E-01
2.49769-04 4.3695Z-03 6.1316E-01 2.8235E-02 7.63i6E-U2 9.8675E-01
4.822E-04 6,9687E-03 6.9920E-01 3.4437E-02 9.1327E-02 9.9359E-01
9.1461EI04 8.9706E-03 7.3669E-01 4.1438E-02 8.4682E-02 9.9780E-01
1.4.S34E-03 1.0478F-02 7.5652E-01 4.9203E-02 8.4795E-02 9.9954E-01
2.1618E-03 1.17163-02 7.6716E-01 5.75S51E-02 8.0133E-02 9.9995E-01
3.043UE-03 1.2633E-02 7.7370E-01 6.6297E-02 7.7952E-02 1.0008E+00
4.1739E-03 1.3961E-02 ?.7978E-01 7.5160E-02 7.9549E-02 1.0007E+00
5.6034E-03 1.5165E-0? 7.8849E-01 8.3907E-02 8.2142E-02 1.00109+00
7.399'E-03 1.69-0E-02 8.0321E-01 9.2254E-02 E,5173E-02 1001:5E0+'
9.6612E-03 2.0230E-02 8.2956E-01 1.0002E-01 8.7589E-32 1.0008S+00
1.2455E-02 2.5884E-02 8.6803E-01 1.0704E-01 8.3801E-02 1.0002E+00
1.589'E-02 3.4652E-02 9.1129E-01 I.1322E-61 8.8472E-02 9.9950E-01
2.0104E-02 4.6240S-02 9-4552E-01 1.1858E-01 8.5005E-02 9.)927E-01
2.5159E-02 5.68753-02 9.7106E-01 1.2312C-01 7.6656E-02 1.0028E+00
3.1145E-02 6.1901E-02 9.8486E-01 1.2691E-01 6.8Z54E-02 1.00W2E+00
3.P096E-02 5.8926E-02 9.9016E-01 1,3002E-01 6.0103E-02 1.0(69E+00
4.5994E-02 5.8174E-02 9.9475E-01 1.1256E-01 5.218-1-02 9.96M.-01
5.4757E-02 6.17343-02 9.9944E-01 1.3462E-01 4.48EsE-02 9.74903-01
6.4219E-02 6.6*50E-02 i.0002E+O0 1.36279-01 3.8650E-02 9.47923-01
7.4129E-02 7.2330E-02 1.0005E+00 1.3758E-01 3.3519E-02 9.1910Z-01
3.4193E-02 7.6758E-02 1.0008E+00 I.M863E-01 2.9322S-02 8.9094E--01
ý.4100E-02 8.0597E-02 1.0010E+00 1.394SE-01 2.5826E-02 8,6449E-01
1.0356E-01 8.39549-02 1.0011C+00 1.4009F-01 2.2671E-02 3.3893E-01
1.1232E-01 8.6785E-02 1.00099+00 1.406!E-01 1.9349E-02 8.0970E-01
1.20223-01 8.9909E-02 1.0006E+00 1.4101r-01 1.5040E-02 7.7106E-01
1.2719E-01 8.9949E-02 i.0005E+00 1.4132E-01 8.70402-03 6.9833E-01
1.3318E-01 8.8874E-02 9.9975E-01 1.4146B-01 3.4505E-03 3.7309-01
A.38235-91 8.2733E-02 1.0005E+00 FALCON RESULTS (OD) X/XREF - 6.65
1.4242E-01 7.3913E-02 1.0052E+00 XIXRS3F PT/PTREF TV¶/T7REF
1.4588E-01 6.5553E-02 1.0064E300 O.0000E+00 3.4871E-03 3.73699-11
1.4867E-01 5.5969E-02 1.0055&+00 1.3301E-04 6.36M4E-03 6.2937E-03
1.5092E-01 4.7868E-02 9.94386-01 4.3233E-04 1.1200E-?2 7.65453-01
1.52729-31 4.0732E-02 9.7119E-01 8.3151E-04 !.4470E-02 9.1565E-01
1.5415F-01 3.4531E-02 9.3775E-01 1.3)37E-03 1.7036E-02 8.4963E-01
i.5528E-01 2.9642E-02 9,0468E-01 1.9290E-03 2.0058E-02 8.81583-01
1.5616E-0] 2.56589-02 8.7259E-01 2.7105E-03 2.3904E-0) 9.13613-01
1.5686E-01 2.23099-02 8,4215E-01 3.69!S?-03 2.8219F-02 9.386(,E-01
1.510oE-01 1.9116E-02 8.1118E-01 1.938'1-03 3,1521E-02 9.3802E-0.
1 .5784E-01 1,4997E-02 7.7061.-01 6.4851E-03 3.3607E-02 9.176)S-01
1.5817E-01 8.8533E-03 6.9978E-C1 8.4]14.-03 3.5894E-02 9,014O8-01
1.5830E-01 3.9833E-03 3.7369E-0t 1.079?E-02 3.9133E-02 8.9119E-01

FALCON PESULTS (3D) X/XPEF - 6.51 1,3185E-02 4.7441E-02 9.1139E-Ul
X/XREF PTIPTPTEF TT/'TREF I.7210-W-02 6.0123F-02 9.5194E-01

0,0000÷+00 3.66171-03 3.7369E-0] 2.14179-02 7.6108E-02 9.7239E-01
1.3296E-04 6.9474E-03 6.8142E-01 2.5350E-G2 8.0994E-C2 9.8916E-01
4.41388-04 1.068SE-02 7.74e4E-01 3,2160E-02 9.7831F-12 9.9157i:-01
8.4801E-04 1.3739F-02 8.23i5E-01 3.8511Z-02 I.OlI4E-O1 9.9639E-01

• " ,,.
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Inpu~t for AGMWo Vrking Group 13. Test Case 6:

gypercoaic Inlet - PO

The solution of the hypersonic flow of the NAMA P8 inlet were obtained
using the twoe-dimensional Navier-Stokes code NSFLV (Navier-13tokes solver
using cha*.:terist4.c flux extrapolation) (1]. it is a finite-7volume method
applicable to aUb-, t~rans- an hypersonic flows. The inviscid fluxes at
the finite-voltvsm faces are evaluated by solving a Riemann proble~m (21. A
third-order accurate local characteristic flux extrapolation scheme of
tyj~e MMMC (3] is employed. For capturing strong shock waves (especially
in hypersonic flow~s) a flux veý;'or splitting is uased 14". For the interpo-
lation between the two ways (IUSJS flux-difference splitting and a modi-
fied Steger/Waraing flux-vector splitting) to fcra cell face fluxes a
sharpened high-order limiter derived from the van Albada limiter has been
incorporated. The viscous fluxes are approximated with central differen-
ces. Th1e numerical method utilizes the algebraic turbulence model of Bald-
win and Loaux [51. The unfactored implicit equations are solved in time-
depeandent form by a point Gauss-Seidel. relaxation te 7hnique. by applying
the so-called checkerboard scheme, in which points are divided into black
and white ones, a high degree of vectorization is achieved. The code con-
tains nilti*.blocking. capability and real gas effects are incorporated.

The compuztational grid used is shown in Fig. 1. It consists of t.vo
blocks (block 1: 50*145 points, block 2: 129*100 points', and was genera';ed
with an algebraic mesh generator ensuring perpendicular intersection of
the grid lines with the surfaces. The intner-law variable z+ can be. varied.

lbe surface static pressures on the centerline of the ramp and on the
cowl of the inlet are plotted in Fig. 2 and Fig. 3. The pitot pressure mnd
totrtd temperature contours at nine x/x,,f locations are shown In Fig. 4
andJ Fig. 5. Additionally, the isolines of Mach numaber, pitot preszure and
pressure coefficient c. are included in Fig. 6 to Fig. 8.

The mass loss along the duct, Fig. 9, was used both for qujality check
of the c tie and convergence criterion. Zia was refered to the mass in the
entrance of the ini~et. 10000 iterations were necessary to obtain a coi-
verged solution. The coi~utation peý:foiuwd on the SIEKENS supercomputer
VP200 req~uired 5.0&-5 seconds per point and iteration.

Tae calculation was started with parallel flow wiLh a Mach niumber of
7.4 and a teuperatuce T..-67 K. The wall temperature condition was Iso-
thermwd withi T,-303 K.

Boundary laVer tr&nsitlon was fixed at x-35 cm on the wedge and x-1l07
ca on the cowl like in the experiment (61.

Investigjations were made to demonstrate first the influence of the nu-
merical viscosity wvd secondly the wall ter-iýrature condition to the re-
suit. Fig. 10 shows the surface static pressure cn the centerline of the
ramp and F_'. il the pitot pressure contours due to a high nunerical vis-
cosity introduced by a highe: rate of flux-vector splitting. 1The result
obtained by using adiabatic wall condition is coveared with experimen~t in
Fig. 12 and Fig. 13 (surface static pressures on centerline and cowl/. The



appropriate mach Isolines showing flow separation, are plotted in Fig. 14.
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ma~y 15, 1990

Subject: AGARD Working Group 13, PARC Results

To Tom Season

The AEDC developed PARC code has been applied to four of the AGM-"
Working Group 13 test cases. Results were requested in the form~
of plotted data for preliminary screening and final results a '-...qaatic
media. We were unable to provide results in time for the pre7 :.A!na-ry
screening, but are however now providing final results to thrt.e of the
cases in the form of plotted data and magnetic redia. At e-.s time we
have not received sufficient information regarding Case 7 I., respond,
even though a solution has been generated for one of the foýur
geometries provided.

The three caces for final results are being provided dre.

1. Case 1 :Transonic shock boundary layer
2. Case 2 : Glancing shock boundary interaction
3. Case 6 :NASA PS inlet

Brief notes regarding these cases are included with the plotted results.
Both Case 1 and Case 2 had deficiencies in the provided geometries
and/or flow conditions that affected the final results.

The fourth case for which calculations were performed was Case 8
(Tailormate fuselage/inlet). A single solution hais been generated at
freestream conditions oi Mach 0.9 and C degrees angle-of-attack. Inlet
mass flow conditions were approximated based on information provided by
Wright Research Development Center. At this time we have no information
as to what data is to be returned as final resulfts. We will gladly
respond, given sufficient information.

James R. Sýirbauqh
Sverdrup Tech., Inc.
Arnold Air Force Base, Tn1.

317389

(615) 454-347S
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Attachmrent III

Re-Submittal:

AGARD Test Case 6, NASA P8 Inlet

P AGARD Test Case 6: NASA High Aspect Fatio Mixed Cocupression intake
(supersonic part only)

:• A, Cr D Metho-dology mA. code definition: 2D single block and multi-block PARC

-: -ode reference:
gas model: ideal constant gamma(=l.4)
turbulenoe model: Baldwin-Lomax

B. Computer Resources
CPU tine(CPAY-XMP): 10000 seconds
no. of iterations: 2000 (multi-block code)
memory requirements/grid si2ze:

4 blocks; total of 146-0 gri.d rc.;nts
largest block < 50000 oints -:o ii- - >L- cnre
memory requ.iren.cnts

C. Boundary Conditions/Starting Conditions
inflow boundary: fixed supersonic at freestrem conditions

PT, = 600 psia ; T-- = 1460 R ; M.,=7.!-8
outflow bor-dary: fixed static pressure and temperature

P/Prý = 0.0601452 ; T/T¥ = 0.08i.06 (external tiow)
SP/F, = 0.004354 ; T/TT_ = 0.2115 (inlet flow reqion)

"ramp/inlet surfaces: isother.nal no-slip boundaries

initial conditions: outer flow region set to freestrea~n
` ,end].t ions
inlet region set to mach no. behi..d
cowl shock

D. Convorgence?
solution considered converged when naximum residual-
to less t['-I 100-

I. Soluti,:', Q ualit~y Redui-dancy CIhecks
none performed

F. Fxperience in obtainirn.i solution
:ý tartqd with single block grid (2O0xl30) .. was found to be
inadeauate to resoiv;, bcui-dary iavers, shoýks,etc.
went to multi-blook problem

Special Tricks or Techniques
1. used experimentally devermined lianinar to turbulent

t-ansition point on ramp. bounra;'y layer models switched
in code at that poilit. to ot'tý.in Detter boundary layer
thJckness in inlet
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2.used option iA code to f ix inl-t surface temperatures
3. used grid blo,ýking to pack gjrid points- in regions of high

gradients
4. fixed frees-tream mach no. tn valouc expected at inlet

entrance region t.ased cn- t~innel exper.ýmer~tal data

special note: cowl sh;ock intiarsect2.on with centerbody
boandai.7 layer ca'..sed slr.:tl separation bubble
...This i-, reflected in the centerbody static

pressure pl~t. at x/xref =6.0

AGARD Test Case 6: NASA P8 high aspect ratio mixed
compressior. inta~e~supersonic part only)

The test was conducted in the NASA-Ames 3.5-foot Hypersonic
'Wind Tunnel at a nom inal test mach number of 7 .4 and freestream
Reynoldis number of 2.7/X106per foot. The geometry con~sisted of a
scaled hypersonic inlet model, combined with a wedge forebody t~o
sirnulat-F the. tlowfield conditions at the entrance of the internal
passage shown in ths attached figure. Other conditions were total
pressure of 600 psla. and total temperature of 14606R. T-he wedge
anale vwas seven dec:rees and thie design -inlet pressure compression
ratio was eight.

The analysi.s performed was on the cent.ýrnlane of the inlet.
allowinuj for 2-dimensional comput'ations. ' he 2--d Blocked PARC code
wi -i used with 146000 grid point-s in 4 bduck5.

.n ;.iddition, to the above assumptions, -the laminar to turbulent
bocndlary layer transition point on the wedge was also simulated.
'rhis- tfa~isition w4as inrdicated experimentally using a
f 1 uri ne--suI~l:. mat ion technique.

Exaniiiation of the attached data plots shows differences
be'tweer. exp:--rim-_nta1 results and PARC results. There are two known
sctur':'.ýt of error in the results.

1.) Lxp~rimental freestream conditions were not unifortin in
the test section. The mach number varied from the nominal value of
t.4. at the w,?dge tip to 7.58 at the inlet entrance station. P2.ow
anqula!- iLy variations were also observed. The data for these

o-n3~iel treestream conditions were nut givens. A uniform
freestreR-- aach number of 7.58 was used to L!est siMUlate
rcn-litions in the inlet entrance region.

2ý.) The geometry definition given to us is inac~equate due
*priacrtily to an insufficient number of points detining the

irtcj.xi~til surfaces cf 'the inlet;. SuperýLonic fl~ow in a channel is
sej-i--.--_ive to not only surface slopes, but also deriva~tives of the
slopes. 0ifferences in indicated ineneighzs, at given inlet

l-rtjQ:ts, is a reflection of the oox.-uniforn specing of the base
sp].J.,-e point.,; that wo~re provided.



RG~iRL) HYPERSONIC NOZZILFCOCILF.O) CLRL~E ~
MACHn NO. CONTOUJRS 50'O

3.00 10.,

I'1 .00'd0,
4.500. ~0*

6 00. 10,

;',20C - 16

7. 300 ,10"



AM0

CENTERBOUY STATICS -AEDC PARC

0 EXREkENT

o of

A,0

1.25 4.50 i1.75 bOO 2,J ' 0 5/5 6.00) 6.- 2 A Y, b?, / ."f ' 25 7. b

X/XfLF*

G~~3HL C'T )0

4 1ý1

00~



AMO

PITUT PRE73SURE
X/XRLEF S. 67

-P ," I I I - -

-K- - -- ----

Ci3

C:)-

-3 0.6 0.~1 -j t .

!J/m T Ni



A=0

,D I TOT PRESSURE
X,/XREF = 578

r .... !7"- - -

II

T -0
II J

I 0 '

0+ 1-

1 -- -. . -- . ... .......
0. g !3 o i 0 .0 1 2 0. 03 0~i u o . t1 0 U . U 7, U .U ti 0. :1 9 f. I0 0 . 1 0. 2

TP/FT P NI

S• T ........ ' I j .. .. . U '" [ . ..... .1T . .. ... ... l... ..L

.1- I j°---

I= I ..j 'I

4 ... •

lT +I'NI



PITT PDRESSURE
X/XREF 5C9

5 .94_ ____

00

0
0 I

LI) 0

00- -

TOTAL TEMP ERHIURE
X/XREF

LI)

00

Cl

00

TT/TI Nl



A304

PITOT PF?[SSURC

X/XREF =6.039

40-v-

tJ0 00

00 0.1 0.02 O.0 0.04 OW L0 .fl 0.08 tiq . fl 0.11 p;

Lfl

Ul)

L.2U ' A3. .I U.770.I77.9II .0 1
U)CTI*NF



AMO

PJTOT PRESSURE
X/XREF 6 e213.

0 00

0.00 U.01 U.f02 t) 1 ' .5 Ib 00 0.08 G9 01 .1 0.1

TOUTH L T EI P FIR ffTURE:
X/X'-)E F =692

av

G' , . 1 . . 0.9 .0 .

NV



PITOT PRESSURE
X/XREF (6.37

>. o.i"

T 0 F ERAT

0.0 0. 0+ 01 __.4 0 5 I . .6 0 9 1L ._

dl F/ TT I NF . .1!"
S- - ..... _ _ _ _ _ _ __.. . . . _

ii ~TUTHL TEMPERA ]uRE
ii ~~XiXREF -- 6o77I

-1" .~ ~--...... -- • -r

1 1

.0 .I 0.2 03 01 05 Ob 07 08 o. 0 I!I

TT/'TI NF-0

-__11ii it1 4



A307

PITOT PRESSURE
X/XREF = 6,51

Li
C, 0 ..

01.00 O.O u 1 . 02 0.0,) 0.0i U. 05 0.06 0.0I 0. UB 0).09 0.10 0.11 0.12IT P 0T I N]

0 i I

- I T ........ ... R -II I' R. .

0.11/ "0.12

* TOA TNF7HL1L

X /X R EF 6 51

0. . 0 2 0 30 . . . .



~t A308

PITOT PRESSURE
X/XREF 6.65

00

00

0.0 0 0.0 0.0_ 0.3 00_.0__600 0.8 00 .1 .1 0

X/X =__

T

o 0o

0.00 0.01 0.02 0.03 0.0O 0.05 0.06 0.0 7 0 .0 8 0.09 0.10 0.!1 0.12

PP/T" I NF

T'OTAL TEMIPERAT'URE
X/XREF = 6°065

° ....... 0JL I

0 ,0 .I 0 .' , 0. 0. 0 7 . ,• ,0 .

TTITT0 I•

IIi



AM0

PITOT PRESSURE?
X/XREF 6.79

4i

0

0o 0 00 .0 3 00 .5 00 .7 U 08 .9 01) 1 . 01

I ____ I___

0.00.1.02 0.03 0.01 0 .5 0.U 0.1 0.7 8 0.09 0.91] d. I! .12
TP/T TIT Nf



T081 Case 6 - ypcrson'e Wet

William 0. Kunik and Thonac J_ Betnson
National Aeronautics and Space Administration

Lewis Research Center
Cleveland. Ohio 4,4135

A three- dimensional Parabolized Navier-Stokes code has been used to investigate the
flow through~ the P-8 Mach 7.4 inlet. Paramietric studics of grid resolution, and
turbulence modeling have been conducted in both two and three dimensions, although
the results presented here. represnt the best of these. calculations, The results indicate a
significant three dimensional effect exis'ts in this nomiunally nwo dimensional inlet. T1his
ef-fect has been cause.1 hy th,ý glancing shock/boundary layer isitieractio rsnto h
inlet sidewallI as thie internal cowl stock reflects from the rzrmp anid colwl ýu faces;.

The three-dim ensionall supersonic viscous marching analysis used i:'; this stud~y is the_
PEPSIS code. The code solves the PNS cequations foi- supersonic flow by an efficient

!3iley -McDonald, linearized block iM)icit scheme. The code solves Cor the flowfieid in
a single sweep, can be run with a variety of turbulence models, in either two or three
dimensional mode, and cani either solve the mnergy eqiuation or impose constant
stagnation erthalpv. The tw- dimensional result presented in the enclosed figures w.as
run on a CRAY-VkIP at the Lewis Research Center on a 130x1200 grid with constant
stagnation enthalpy imposed. Each flow comp,,itation required about five minutes of CPU
time. with mucb more timne used to refiir grids, post process results, etc. Th e turbulence
m~odel used in this calculation is the standard McDonald- Camarata. mrixing length model
with a compressibiliity correction ba,!ed on the work of Bushnell and'I Beckwith. The
calculation was started wituh uniform 1:ee stream conditions as specified ir. the report.
This case was run fully onubuitent; no trunsition mode! was used here, although one is
available in t~he code.

Once the two-dimensional parametnic study wa.s completed, it was dccidtl ithal the ýinlet
should be examined three-dimensionally to d.ýninint; the effect of-of the sideplates on
the internal fowfielcl. Previous calculations of a Mach 5.0 inlet and benchmark studies
of Test Case 2 indicate strong thr(-- dimensional effects occur in rectangular inlet with
side-platcs, although the experiment did not proN.ide sufficient instrumentation f'or de! ai led
study of three-dimensionfal effects, The three-diimensionMl calculation employed a
computational mesh of 100X50 mesh points in the cross plane, with a plane of
symmetry along the inlet centerline. To simplify the calculations, the sidepiace in the
calculawin begins at the cowl lip and is perpendicular to the ramp surface. !. the
experiment, the sdpa wps cut back; th- c.alculation does not model this cut back. The
calculation was tuarcied 1,400 stations str-'amwise. and required about two houirs CPU
time on the CRAY -X,*Jl. Uhfe energy equation was solved in this computation-, the



tcnmpcatr restlts iadiiew aormt Problems with this VFEZOe Of !U "At2. k'j othe
C o=W~tM irni the soar. Pa the two dimensiond. Cacjicjti4~

In &- -?J. the AMcomPany-ict; figwýCz- in~tchit th; thr direvw dimiionii calcuiiaton
conip._s nw~z býrtmr with th.exCperitne~it thim the tw~v dive'nie,&i calculation, width the
CXCeCpton Of 01.. tiLzneraMWC wh!7Z, is so romn-physical th~t ;on-edhiiq is wrong in the
cc-ie. We are subiw-Witr fu~ t-v niorre cotitour plots of ti~c three dirtensional
calculation whiich inu6cae the! computed threer-dirensional nauwre no, _ýe flow in this
iniet. These figures show Mach number contours and scconday vellocity 'vectors atvarious Y-Z plants in the internal portion of the inlet. The bat~oftefgures snow
fth flwfield in a cross-seiou of the inl:.t; the ramp stirface is on tht bottomn.the cowl

ssurface is on the top. W, the aideplates are on both sides. A side view of the inlet is
showni at the to;% of each figurt indicating with a vertical 'tine the relati've location of the
plane in thbe inlom. An unreadable scale in shown oi-i the left hand side fcor the Mutwh
.,umrber::onw'4rs and on dhe right hand sir'- a referece vector of one- teth of thz, free
strum, veiueity is shown. Boinadry layer are noted by the concentration of Mach
contota-s near ysýU urfact'- and shock waves am- shown as a concenitration of Mach
corn~iur-. aw,ýryfromn a solid surface. Shock waves are also noted in the secmondary
,,eocity vectors when the. direction of the vectors change abruptly. The figures show thatr

avortex As formed on the, bak -side of the shock w-ave as it glances across the s'. epiate
boundar-y laryer, this interaction was verified in Test, Casc. '2. 7The vortex is p'umping the
low I e~rgy fluid Lin the cowl boundary layer down along the sideplate to the ramp
surficr. n..e Mach number contours show this 1,j the thickening of the sidperat-
bouadary layer on the back side of the shock wave. 3 he vortex formed by the GSBLI has
punips huid aloag the ramp suwface toward the cen," l:ine of *:he ii.The boundary
layer in the lower corner ha, thickened much more ; -in in the rest ofl the cross-seetrun.
The effect of the strong vortex is seen in the lioundary layer along the ramrp sztirfiuce by '(s
thickening to about the fiihy per cent point in the spanwise direction.

The three-diniensional calculation presentek in this report have led to *he: following
conclusions. The glancing shock/boundary layer interaction produces a strong vortex
that persists throughout the internal passage of the inlet. Ths vortex redistributes the
boundary layer into the lower comner of the inlet P'id then proceeds to distort the ramp
boundary laver. To achieve a canceled .6ock w,. in the inlet, the boundaxy layttws
effe!ct on die shock wave in'eractior. at sohd boun~iarys must be taken into account.
Also, thire effect of the sideplates or the shock wave should lead the inlet designer to think
in teimns oL'thrce-dimensions instead of two.
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FIGURE 10.- MR NIER CO-•OIURS AND SECON Y VELOCITY VECTORS AT THE
I1MET EXIT.
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Mficrofiche Appendix to Sub-Section 3.3.7

Contributions to Test Case 7

Axisymmetric mixed compression inlet

Page No's

.Svcrdrup, Cleveland No Submittal

NASA Leiis A340Oto A345
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Test Case 7.- Axisymmneic Inlet

Thomas .. Benson

National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

A .wo diumensional supersonic Parabolized Navier-Stokes code has been used to
investigat, the flow through the 40-60 inlet. Parametric studies of grid resolution, and
turbulence modeling have been conducted, z'though the results presented here represent
the best of these calculations. The inlet contains significant amounts of boundary layer
control bleed and this was modelled *n the computation.

The supersonic visecus marching analysis used in this study is the PEPSIS code. The
code solves the PNS equations by an efficient Briley-NMDonald, linearized block implicit
scheme. The code volves for the flowfield in a singie sweep, can be run with a variety of
turbulenc- mxlels, in either two or thre dimensional mode, and can either solve the
ene-rgy equatior. or impose constant stagnation enthalpy. The two dimensional result
-msnated in the enclosed figures was run on a CRAY-XMP at the Lewis Research Center
on a 90x600 grid with constant stagnation enthalpy imposed. Each flow computation
required about five minutes of CPU time with much more time used to refine grids, post
process results, etc. Both the standard McDonald-Camarata mixing length turbulence
model and a one equation turbulent kinetic energy model have been studied; the results
presented here use the onz equation k-model. The calculation was started with uniform
free stream conditions as specified in the report. The bleed was modelled as a uniformly
distributed mass removal at the appropriate location and with the amount specified in the
reports. The bleed along the centerbody was only given as the combination of the
forward and aft bleed. It was assumed that twice as much mass would be removed at the
downstream centerbody bleed than at the forward because of the higher static pressure
and higher p.)rosity.

Because this unalysis is a single sweep PNS type, it is not possible to vary the
downstream mass flow as was done in the experiment. In fact, comparisons with
experiment cani only be made in the supe, ,,anc portion of the inlet at the highest mass
flow ratio available. This is the price tha. is paid for quick PNS calculations. It does
appear, however, that this type of analysis is quite accurate and vary valuable in the
supersonic portion of theif iilet. The downstream output of this code can be used to
interface with slower running Navier-Stokes type analysis to predict full inlet
performance.
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Contributions to Test Case 8

Intake/airframe integration
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aerospatiale
divislon engIns tactiques

Les GAtines
the30/08/90

P. GARNERO
Service Airodynamique Th~orique
Les Gftines 91370 Verri~res le Buisson
FRANCE
Phone number:1 69.81.61.33
Tkldcopy number:1 69.81.65.92

Flow calculations of test cases defined by AGARD Working Group 13
"Air Intakes for High Speed Vehicles"

Dear M. BISSINGER,
enclosed find a tape concerning our results for test case 6
(corresponding to the paper I have sent to you) and a new paper
concerning our results for test case S (it replaces the last paper
concerning test case 8).
Could you send our new paper concerning test case 8 to M. BENSON
(NASA Lewis) who want it to make comparisons between
computation and experiments? .

Informations concerning the tape:
Magnetic. tape density:1600 tpi
ASCII
Lenght of one recording in characters: 80 characters
Num.er of recordings by physical block: I

Kind regards,

P. GARNERO



---W•.h&e .•] ed tape containing all the results we have

presea i to•( ortfor WG 13 TEST CASE 6.

Files have been recorde d- in the following order:

FLU3M results :

Static pressure on the centerbody
1. with the actual leading edge
2. with the. virtual leading edge

- Static pressure on the cowl
3. with the actual leading edge
4. with the virtual leading edge

- 5. Mach numbers in the cowl entrance section

- 6. Pitot pressure in the cowl entrance section

NS2D results

- 7. Static pressure on the centerbody

- 8. Static pressure on the cowl

- 9. Mach numbers in the cowl entrance section

- 10. Pitot pressure X/XREF = 5.67

- 11. Pitot pressure X/XREF = 5.78

- 12. Pitot pressure X/XREF = 5.94

- 13. Pitot pressure X/XREF = 6.09

- 14. Pitot pressure X/XREF = 6.23

- 15. Pitot pressure X/XREF = 6.37

16. Pitot pressure X'X.REF = 6.51

17. Pitot pressure X/XREF = 6.65

18. Pitot pressure XIXXREF = 6.79



P. GARNERO - J. DE LA VIUDA
Service AMrodynamique Th~orique
Les Gfitines 91370 Verriares le Buisson

Les Gfitines
the3008/90

Flow calculations of test cases defined by AGARD Working Group 13
"Air Intakes for High Speed Vehicles"

TEST CASE 8
Tailor Mate A-i intake with fuselage

We have made 3D calculations of the Tailor Mate A-1 intake
with fuselage.

SI1. Code used:

The code used is the 3D multi domain Euler code FLU3M using
finite volume method, which has been developed by ONERA with
tho collaboration of aerospatlalo (Ref. 1 and 2).

FLU3M numerically simulate flows of gases around and in
complex configurations with an emphasis on supersonic and
hypersonic flows.

The cone organisation is built around 3 key units: a command
interpreter which assumes the user interface, a plane monitoring
unit which decides of the type of the computation, and a plane
processor including the numerical scheme.

Its vexy modular coding allows the implementation of various
numerical variants of Van Leer MUSCL scheme and a large variety
of boundary couditions. The scheme used for our calculations was
built around Van Leer fluxes and Van Albada limiter.

S&=. uLer used:

The FLUJ3M code run on 9. CONVEX C220 bi-processor with 512
!M-octets of central memory.

Sm. =.--.
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S3. LT id:
The treatment of complex geometries has led us to adopt a

multiblock grid made of several structured, possibly overlapping or
patched domains. This choice conslilerably simplifies the mesh
construction and allows the Came generality as unstructured grids.
Such multiblock grid strategies are currently being used by
aerospatiale.

The Tailor Mate A-I intake/fuselage configuration needed 1i
blocks built with the MULCAD procedure developped at
aerospatlale (Ref. 3).

Two grid have been built on the tight side intake
configuration:

-a coarse grid made of 117626 nodes
-a fine grid made of 882511 nodes

4. Starting conditions:

MO=2.2 a=0* 03=0'
Each block was initialised with the infinite upstream

conditions.
We didn't know the geometry of the tested configuration after

the compressor face, so we had to impose a average static pressure
of 0.783 PTO corresponding to the experimental dat. on the
compressor face. Likewise, we didn't know the geometry of the
tested configuration in the internal bleed, so we had to impose a
averagc static pressure of 0.221 PTO on the exit of the simplified
bleed we had.

i. The grid configuration is a right side one (right side of the
pilot)

2. The computation was made with the boundaries coriditions
(0.783 PTO ) of the left hand inlet test data.

So the calculation corresponds to the lefc hand inlet
configuration.
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5 -Results; -

Two computations have been made:
- the first with a coarse grid
- the second -vith a fine grid

Figure 1 presents the coarse grid for the complete
configuration (fuselage + intake)

Figure 2 presents the Mack number contours on the body and
in the vertical plane of symmetry (coarse grid).

Figure 3 presents the Mach numbkr distributions on the body
and in the vertical plane of symmetry (coarse grid).

Figure 4 presents the fine grid for the complete configuradon
(fuselage + iniake)

Figure 5 presents the Mach number contours on the body and
in the vertical plane of symmetry (fine grid)

Figure 6 presents the static pressure (P/PO) contours on the
body and in the plane of symmetry of the plane (fine grid).

Figure 7 presents the static pressure (P/PO) distribution on
the body and in the plane of symmetry of tho plane (fine grid).

Figure 8 presents the Mach number distribution in the intake
(fine grid)

Figurt, 9 presents the static pressure (PIPO) distribution ij-
the intake (fine grid)

Figure 9bis presents the Mach number distribution in the
intake (fine grid)

Figure 10 presens the local Mach number (ML) contours for
the fine. grid Lt the entrance of the intake (in the crossfiow plane
going through the leading edge of the first ramp and perpendicular
to ,he longitudinal axe of the configuration: F.S.=86.14).
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Figure 11 presents the local angle of attack (aL) contours for
the fine, grid at the entrance of the intake (in the crossflow plane
going through the leading edge of the first ramp and perpendicular
to the longitudinal axe of the configuration: F.S.86A 4).
a is the angie between the longitudinal axe and the projection of

the speed-air vector on the plane of symmetry of the configuration.

Figure 12 presents the local sideslip angle (0L) contours for
the fine grid at the entrance o& the intake (in the crossflow plane
going through the leading edge oll the first rampe and
perpendicular to the longitudinal axe of the configuration:
F.S.=86. 14).
-3 is the angle between the velocity and the plane of symmetry of
the configuration

Figure 13 presents the FLU3M results at the entrance of the
entake for ML, PTL/PTO, a and P3. These results can be compared
with experimcz'al data.

Figure 14 presents the experimental results at the entrance of
the entake for ML, PTL/PTo, a and P3.

The results in the intake, wanted in August 1990 by M.
Thomas J. BENSON, concerning Surface Static Pressure, Pitot
Pressure and Compressor Face Pitot, will be sent as soon as possible.
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Figure 1: the coarse grid for the coimplete
configuration (fuselage + intake)
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Figure 10 :Local Mach numiber (ML) contours for the
fire grid at the entrance of the~ in,4ake 'in the crossfitow
plant goirpg through the leadhiAg edge of the fi'rst rskrp

and perpendicular to the longitudinal axe of the
configuration: F.S.=96.14).
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Figure 11:Local angle of attac"; (a[) contours for thefine grid at the enirance of~ the intake (ini the crossfilow
plane going through the leading edge of the first ramp

aud perpen ýcular to the longitudinal axe .vr the
cor~figuraition: F'.S.=86.14).

a is the angle between the longitudinal axe and the
projection of the spee4; air vector on the phlaie of

symmetry of the con~figuration.
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Figure 12: Local Adeslip angle (13L) contours the
fine grid at the entram -( of the intake (in the crcassflow
Plane going through the leading cdge of the first ranipe

and. pCpendicular to the longitudinal axe of lhe
configuarationi: F.S.=86.14).

13is the aingle between the velocity and the plane of'
symmetry of tbe configurationi
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-ý0ugustt?, 1990

Dr. ThM J. Benion
Intemnal rluid Kiechinics Division
MSS--7
NJASA ILevis 3esearch Center
CI01ve !a nd, ON 4135
216-433-5-920

Dtar Tom:

SUBJECT: -AGARD-FDP W01RKlJ4G GROVP 13, SvT/AEDC CONTRIBUTION~ T H*~H
SPE ED AlIR I NTAX ES STUDY

Relative to our discussions in July, we have finished the AGARO Test Case 8 for the Tailor.Mate configuration at a Mach No. of .9 with zero pitc-. and yaw condition!, (Attachment )Enclos~ed please find the flow field data asked for at the fuselage station 86.14. In ouranalysis of the results 4rorn thse calculation~s, we were surprisod at the large discrpaniciesbetween tfhe mean Mach No. leve; at the referen-:e station between calculations andexperifnental data. As noted in the additional comments to follow, we made somreexp~orat~r siplified, calculations to tby and understand these differences. We believethat the Tcaku'Ilation trenids are correct. a'tid consistent with expected behav~ior for inlets withhigh spil!ioe. In adcition, the experimentai data does not appear to ctipture expectedtrenes of pitch angle and Mac _o utaoeteupriltlp. As a tesult, we believethat the 2xper.nna aasol be revrewved for accuracy before it is inuedith
AGARD summary report.

Within this transmittal, we have also included additional informnation on each of thecalculations samitted to you so that a.-more com~plete picture of the calculation approachmay be ma~ie (Attachment 11). The additional inforrmation is broken down into seven basicareas: (1) CFO methodology, (2) computer resources, (3) boundary conclitions/startingconditions, (4) convergence, (53 soluticon quality iedun~da'ncy checks, (6) experience inobtaining solution, and (7) sr-e~ial tricL; or techniques. Ail of our computations utilized thecurrent released version of the ?..D/3-D PARC code which is documented in:
- Cope, G. K. and Sirbaugh, J. R., "'hp PARC Distirition: A Practical Flow Simulator",
AIAA-9.0-2002 presentcd at AIAýiSAE/ASMH/ASEE 2"6th joint Propulsion Conference, Jul--
16-iS, 1990, Orlando, Florida.
All caLculations utilized the standard PARC Baldwin Lomax 1Turbulence Model with nospecielized tuning to perform the test case calculations. It should be noted that this modelhas been tuned specifically for wake type flows, enhanced computational robuttness andefficiency. Since most of t he test cases were wall viscid ;lominated, our results do notcompare with the experimental data as well as calculations made with a more appropriateturbulence model such as the k-eplison model or the conventional BaldwiniLomaxTurbulence Model
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Dr. Tom J. Benson
P*ge 2
August 7, 1990

In gpneral, no special tricks were used to force the calculations and data to agree. We
made a s•ciall effort to execute these calculations in a production type mode where
standard job set-up, execution, and post-processing activities were followed.

In addition, a review of the previous AGARD submittal to you unc -vered a significant error
in the presentation of the results for test case 6. We have correctecd this error and are
resubmitting thetest case 6 results in terms of plotted results and a floppy disk c'ntaining
requested info mation (Attachment Ill) If it is not too late, please discard the pievious test
case 6 results ft.: the hypersonic inlet and replace them with the corresponding results from
this package.

I truSt that the additional information supplied in this package will be timely enough to
include in tne AGARD Summary Report. We have a sincere desire to be responsive to this
AGAPD initiative and wili provide additional information if the current transmittals are
insufficient in selected areas or miss the intended purposes. Please call if i can be of further
help in bringing thi•, important activity to a fruitful conclusion. We would appreciate any
pre-release of comoarative informatior and are looking forward to the ultimate conclusion
and publication of'the AGARD Summary Report.

Sincerely,

Dr. M. 0. Varner, Supervisor
Propulsion Compotational Technology Section

4

ii
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Attachment I

AGARD Test Case 0:

Tailor-Mate Test Point 4

A. CFD Methodology
code definition: 3D multi-blocked PARC
code reference:
gas model: ideal constant gamma(=l.4)
turbulence model: ran inviscid with slip walls

B. CQmputer Rtesources
CPU time(CRAY-X!4P): 72000 seconds
no. of iterations: 8400
memory requirements/grid size:

3 blocks; total of 114000 points

C. Boundary Conditions/Starting Conditions,
inflow boundary: free, fixed total pressure and
temperature ...I k= 7.414 psia; T. = 569°R
outflow boundary: free, fixed static pressure and
temperature.. .P/ý = 0.5914; T/Ttr1.=0.6606
internal mass flow boundaries- static pressure manually
changed to achieve required mass flow values
wetted surfaces: slip boundaries
initial conditions: uniform freestream conditions, ie.
Mob= 0.9, and alpha=beta=.OO

D. Convergence
solution was considered converged hen desired mass flow
rates through ducts and bleeds were not changing by more
than a few percent

E. Solution Quality Redundancy Checks
none performed

F. Experience in obtaining Solution
initially the upstream bleeas were not modeled. Later in
solution the bleeds were put in with little effect on the
overall solution. A considerable amount of difference wat
seen between the CFD results and the wind tunnel data at
the data reference plane. Two possible reasu;,s for the
disagreement were investigated.

1. Upstream bleeds were riot modeled initially. These
bleeds were included later with only small changes
in the reference plane data.

2. The influence of the downstream outflow boundary on
the reference plane .flowfield was shown to be
negligible when a simplified axisymmetric model was

<I-
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run with the outflow plane zoved far downstream from
the region of interest.

The disaareent in the data near the upper cowl lip is
especially puzzling. CFO results shcw significant upwash
angles in the flow. A simple 2D raomp problem was run with
the sa" -owl 3urface slopaý-13., deg) as the model and
showed upwash angles of several deqrees near the ramp
leading *dge as does the full model calculations. A
general dacrease in the mach number in front of the inlet
is noted which, is as great as ten percent. A visual look
at the flowfiell in this region using fAT3D streamline
c&pability with mach no. contouring reveals the inlet is
definitUly spilling mass. The given capture ratio of 0.589
would tend to bear out these results.

G. Special Tricks or Techniques
none other than those already mentioned

00000
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-Figure 80, FLU31M results
Visualization of static pressure conto-urs
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